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1. Forma pracy doktorskiej oraz opis indywidualnego wkladu autora.

Na niniejszg prace doktorska ,,Badanie interfejsu molekuta-metal za pomoca spektrometrii
masowe]j jonow wtornych” sktada si¢ pie¢ artykuldw opublikowanych w recenzowanych

czasopismach naukowych o zasiggu mi¢dzynarodowym:

1. Jakub Ossowski, Jakub Rysz, Mariusz Krawiec, Dawid Maciazek, Zbigniew Postawa,

Andreas Terfort, Piotr Cyganik ,,Oscillations in the Stability of Consecutive Chemical
Bonds Revealed by lon-Induced Desorption” Angewandte Chemie International
Edition, 2015, 54, 1336-1340

2. Jakub Ossowski, Tobias Waechter, Laura Silies, Martin Kind, Agnieszka Noworolska,

Florian Blobner, Dominika Gnatek, Jakub Rysz, Michael Bolte, Peter Feulner,
Andreas Terfort, Piotr Cyganik, Michael Zharnikov ,,Thiolate versus Selenolate:
Structure, Stability and Charge Transfer Properties” ACS Nano, 2015, 9, 4508-4526

3. Dominika Gnatek, Swen Schuster, Jakub Ossowski, Musammir Khan, Jakub Rysz,
Simone Krakert, Andreas Terfort, Michael Zharnikov, Piotr Cyganik ,,Odd-Even
Effects in the Structure and Stability of Azobenzene-Substituted Alkanethiolates on
Au(111) and Ag(111) Substrates” The Journal of Physical Chemistry C, 2015, 119,
25929-25944

4. Jakub Ossowski, Jakub Rysz, Andreas Terfort, Piotr Cyganik ,,Relative stability of
thiolate and selenolate SAMs on Ag(111) substrate studied by static SIMS. Oscillation

in Stability of Consecutive Chemical Bonds” The Journal of Physical Chemistry C,
2017, 121, 459470,

5. Jakub Ossowski, Giulia Nascimbeni, Tomasz Zaba, Elisabeth Verwiister, Jakub Rysz,

Andreas Terfort, Michael Zharnikov, Egbert Zojer, Piotr Cyganik “Relative Thermal
Stability of Thiolate- and Selenolate-Bonded Aromatic Monolayers on the Au(111)
Substrate” The Journal of Physical Chemistry C, 2017, 121, 28031-28042



Zgodnie z zataczonymi o$wiadczeniami wspotautorow, W kazdej z wymienionych pigciu
prac autor byt odpowiedzialny za przygotowanie probek do badan i przeprowadzenie pomiaréw
metoda spektrometrii masowej jondw wtornych, opracowaniu danych eksperymentalnych oraz
pelng analize otrzymanych wynikow. Wktad autora w catkowity zakres prowadzonych badan

odzwierciedla pozycja na liscie autorow w poszczegolnych publikacjach naukowych.



2. Problem badawczy podejmowany w pracy doktorskiej

Celem niniejszej pracy doktorskiej jest okreslenie mozliwosci wykorzystania spektrometrii
masowej jonow wtornych (Secondary lon Mass Spectrometry — SIMS) do analizy stabilnosci
interfejsu molekuta-metal na przyktadzie modelowych zwigzkow jakimi sg samoorganizujace
si¢ monowarstwy organiczne (Self-Assembled Monolayers — SAMS). Wnioski ptyngce z pracy
moga zosta¢ wykorzystane migdzy innymi przy projektowaniu  monowarstw
monomolekularnych majacych komercyjne zastosowanie w szeroko rozumianej elektronice

molekularnej.
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Rysunek 1. Na wykresie przedstawiono gestos¢ tranzystorow w procesorach firmy Intel w latach 2008-2018 r. Dodatkowo
linig przerywang zilustrowano trend prawa Moore’a. Rysunek pochodzi z [1].

Poszukiwanie nowych kierunkéw rozwoju elektroniki jest naturalng konsekwencja
empirycznego prawa Moore’a, Ktore zaktada podwajanie si¢ liczby uktadow scalonych mnigj
wiecej co 2 latal? (rys. 1). Przewidywany prawem Moore’a postep w miniaturyzaciji klasycznej,
opartej na krzemie, elektroniki w pewnym momencie zatrzyma si¢, gdyz napotka na Szereg
ograniczen wynikajacych zaréwno z efektow kwantowych, ktore odgrywajg tym wigkszg role
im mniejsze sa wymiary wytwarzanych tranzystorow, jak i z optacalnosci coraz bardziej
skomplikowanej produkcji coraz mniejszych uktadéow scalonych bazujacych na krzemie.

Sytuacja ta juz dotyczy obecnie produkowanych od roku 2014 tranzystorow Core M firmy Intel
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w technologii 14 nanometréw!®l. Problem z jakim zetkneli sie inzynierowie przy przejiciu z
wczesniejszej technologii 22 nm do obecnej 14 nm byl nietrywialny — okazato sie, ze
dotychczas stosowany proces fotolitograficzny w standardowej konfiguracji (naswietlanie
laserem wafla krzemowego poprzez maske) nie jest wystarczajagcy do wytworzenia
odpowiednio matych tranzystorow w tej technologii. Swiatto lasera ulega interferencji, jezeli
szczeliny maski potozone sg zbyt blisko siebie. Stad Intel po raz pierwszy zastosowal proces
nazwany podwéjnym naswietlaniem (ang. Double-patterning)l, w ktorym wykorzystuje sie
dwie rézne maski z naprzemiennie umieszczonymi szczegotami, dzigki czemu uzyskuje sie
wigkszg rozdzielczos¢ litograficzng przy jednoczesnym uniknieciu niepozadanej interferencji
wigzki laserowej. Niestety, nowy proces zastosowany przy fabrykacji uktadow scalonych
opartych o technologi¢ 14 nm jest zdecydowanie dtuzszy od poprzedniego, co znajduje wyrazne
odbicie w kosztach produkcji. Jeszcze drozsza bgdzie seria procesoréw Cannon Lake firmy
Intel®), ktorych premiera zapowiedziana jest w 11 potowie 2018 roku. Do ich wytwarzania
stosuje si¢ proces wielokrotnego naswietlania (ang. Multi-patterning)l®, ktéry umozliwia
kolejny krok na drodze miniaturyzacji, czyli produkcj¢ uktadow scalonych w technologii 10
nm. Trudno powiedzie¢ jednak kiedy doktadnie zostang wyprodukowane jeszcze nowsze
procesory, jednak istnieja przypuszczenia, ze rok 2036, z uwagi na efekty kwantowe, wyznacza
granice stosowalnoéci prawa Moore’all i tym samym koficzy er¢ miniaturyzacji
konwencjonalnej elektroniki opartej na krzemie. Oznacza to, ze potrzebne sa nowe,
alternatywne rozwigzania. Jednym z najbardziej obiecujacych kierunkow jest wiasnie

elektronika molekularna.

Pierwsze badania w dziedzinie elektroniki molekularnej zostaty przeprowadzone w grupie prof.
Hansa Kuhna na poczatku lat 70 ubiegtego wiekul®l. W szczegolnosci zostato zademonstrowane
jak zmienia si¢ przewodnictwo elektryczne przez cienka warstwe soli kadmowych wyzszych
kwasow karboksylowych w zaleznosci od dlugosci tancucha alifatycznego. Otrzymano
zalezno$¢ eksponencjalnego spadku przewodnictwa wraz ze wzrostem dlugosci molekuty
budujacej monowarstwe. W nastepnych latach rozpoczeto badania pojedynczych molekut, co
zapoczatkowata praca Avirama i Ratnera z roku 19741, Autorzy zasugerowali, ze pojedyncza
molekuta moze petni¢ rolg urzadzenia — w ich przypadku diody (prostownika) — oraz, ze taki
obwdd elektryczny z jedng czgsteczka pomiedzy dwiema elektrodami moze rzeczywiscie
zosta¢ zrealizowany i doswiadczalnie przeanalizowany. W tamtym okresie, byla to teoria z
pogranicza fantastyki naukowej i najnowocze$niejszych osiagni¢¢ technologicznych, jednak

niewiele ponad 20 lat p6zniej taki pomiar z wykorzystaniem molekuty benzene-1,4-ditiolu stat



si¢ faktem, a sama publikacja doczekata si¢ przeszto 2800 cytowan!*?l. Sukces tej pracy
zaowocowal szeroko zakrojonymi badaniami naukowymi, ktore dostarczyty szeregu informacji
o sposobie 1 mechanizmie przewodnictwa elektrycznego pojedynczych czasteczek
chemicznych. Zbadano wiele systemow o potencjalnym zastosowaniu jako tranzystory,
przetaczniki, elementy pamieci czy klasyczne bramki logiczne. Pomimo duzych staran,
zdecydowana wigkszo$¢ tego typu uktadéw nigdy nie znalazta praktycznych zastosowan w
komercyjnie stosowanej elektronice organicznej. Jedna z najwigkszych przeszkod na drodze
komercjalizacji jest problem z podiaczeniem obwodu rozmiaréow pojedynczej molekuty do
objetosciowe]j elektrody™. W obecnym stanie pokonanie trudnosci zwiazanej z realizacja
takiego zlacza znacznie przewyzsza potencjalny zysk, jaki ptynalby z zastosowania elektroniki
na pojedynczej molekule. Duzo tatwiejsza w produkcji jest elektronika oparta na wielu
molekutach, czego przyktadem sa szeroko rozpowszechnione organiczne diody $wiecace
(OLED), stosowane chociazby w produkcji wyswietlaczy do smartfonéw czy laptopow. W
standardowym OLED zjawisko elektroluminescencji zachodzi w materiale organicznym,
umieszczonym pomiedzy dwiema elektrodami, z ktorych jedna jest przezroczysta dla $wiatta
widzialnego. Emisja §wiatta w takim urzadzeniu jest efektem rekombinacji elektronow i dziur,
ktore sa wstrzykiwane odpowiednio z katody i anody. Oznacza to, ze elektron w metalicznej
katodzie ma do pokonania barier¢ potencjatu przy transferze z poziomu energii Fermiego
metalu na poziom LUMO potprzewodnika organicznego. Badania do§wiadczalne dowiodty, ze
wlasciwosci elektrody, a szczeg6lnie interfejsu metal-potprzewodnik organiczny odgrywaja
kluczowa role¢ w wydajnosci, efektywno$ci i zywotno$ci organicznych diod $wiecacych.
Niedoskonatos$ci na granicy faz pomiedzy molekutami a metalem skutkujg zmniejszeniem
adhezji organicznego filmu do katody, co z kolei zwigksza rezystywno$¢ zlacza 1 moze
powodowaé powstawanie nieemisyjnych czarnych plam w urzadzeniu oraz skracaé jego
zywotno$¢. Rozwigzanie problemu jakosci interfejsu metal - material organiczny, ktory
zasadniczo wystepuje w calej elektronice organicznej, jest niezbedne do dalszego rozwoju nie

tylko OLED, ale réwniez calej gatezi nauki.

Obiecujacym kandydatem zdolnym poprawi¢ jakos$¢ interfejsu metal-materiat organiczny sa
samoorganizujagce  si¢ monowarstwy molekularne (SAMs, ang. Self-Assembled
Monolayers)l*214 SAMy (rys. 2) to uporzadkowane quasi-dwuwymiarowe struktury

monomolekularne, zbudowane z organicznych molekul chemicznie zwigzanych =z



Rysunek 2. Schematyczne przedstawienie monowarstwy SAM.

nieorganicznym poditozem. Proces formowania monowarstwy jest zjawiskiem catkowicie
spontanicznym, co stanowi aplikacyjng zaletg, gdyz do utworzenia SAMu nie jest potrzebny
czynnik zewnetrzny. Pozostatymi zaletami monowarstw SAM w kontekscie zastosowan,
zwlaszcza w elektronice molekularnej sg miedzy innymi: 1) tatwo$¢ preparatyki warstw; ii)
mozliwo$¢ zaprojektowania wlasciwo$ci molekuty 1 nastepnie jej zsyntezowania; iii) grubos¢
typowej monowarstwy jest rzedu 1-3 nm, a wiec stosowanie tych ukladéow nie zwicksza
znaczaco koncowych rozmiaréw urzadzenia. Jednakze struktury typu SAM s3 badane
relatywnie od niedawna, stad wiele problemdéw wciaz pozostaje otwartych, rowniez tych 0
znaczeniu fundamentalnym. Jednym z nich jest dob6r odpowiedniej grupy wigzacej chemicznie
molekute do metalu w taki sposob, aby powstajace wigzanie chemiczne byto zarowno stabilne
termicznie, jak i zapewniato dobre przewodnictwo tadunku (elektrony/dziury) poprzez interfejs
molekuta-metal. Zrozumienie mechanizmu przewodnictwa elektronowego i jego powigzania
ze stabilno$cig wigzan chemicznych na ztgczu metal-molekuta ma kluczowe znaczenie dla
rozwoju catej dziedziny elektroniki molekularnej i wciaz pozostaje wyzwaniem zaréwno dla

badan doswiadczalnych jak 1 obliczen teoretycznych.

Wychodzac naprzeciw tym wilasnie wyzwaniom, w niniejszej pracy doktorskiej podjeto
nastepujace problemy badawcze: i) Zbadanie wptywu zmiany grupy wigzacej molekute do
podloza na stabilnos$¢ interfejsu molekuta-metal ii) Zbadanie wptywu zmiany podtoza na
stabilno$¢ interfejsu molekuta-metal; iii) Zbadanie stabilnosci termicznej ukladu SAM w
zalezno$ci od chemicznej budowy molekuly oraz typu podtoza oraz iv) Zbadanie wptywu

stabilno$ci wigzania molekuta-metal na proces przewodnictwa ztacza molekuta-metal.



Nalezy podkresli¢ ze projekt ten nie miat na celu zbadania wszystkich mozliwych kombinacji
interfejsu molekuta-metal, co byloby zresztag zadaniem zdecydowanie wykraczajacym poza
ramy tej pracy bioragc pod uwage liczb¢ mozliwych kombinacji. Dlatego obrano odmienng
strategi¢ takich badan - strategi¢ polegajaca na spojnej analizie kilku uktadéw modelowych,
ktorych struktura zostala juz wczesniej bardzo dobrze scharakteryzowana, tak aby moc
przedstawi¢ wnioski, ktore miatyby charakter bardziej ogolny i mogly by¢ z powodzeniem
zastosowane w projektowaniu nowych uktadoéw elektroniki molekularnej. Do analizy
stabilno$ci interfejsu molekuta-metal w tych modelowych ukladach opartych na
samoorganizujacych si¢ monowarstwach organicznych SAM wykorzystano oryginalne

podejscie bazujace na technice S-SIMS. (15191,



3. Zarys kontekstu naukowego pracy doktorskiej

Samoorganizacja jest autonomicznym procesem organizacji mniejszych elementow w wigksze
uklady i struktury bez udziatu zewnetrznej sity!?°l. Jest szeroko rozpowszechniona w naturze,
odpowiedzialna za pochodzenie wielu systemow zaréwno ozywionych, jak i nieozywionych?],
dla ktérych charakterystyczng cechg jest to, ze ich koncowe rozmiary sg znacznie wigksze niz
rozmiary budujacych je komponentéw. Natura tworzy skomplikowane systemy poprzez
faczenie ze soba mniejszych elementow - czasteczek chemicznych, wsrdd ktorych gtoéwna role
odgrywaja aminokwasy, nukleotydy, tluszcze 1 cukry. Jezeli ograniczymy definicje
samoorganizacji do spontanicznego tgczenia czgsteczek, nalezy podkresli¢ ze kluczowym
czynnikiem decydujacym o powstaniu struktury jest koegzystencja oddzialywan
kowalencyjnych (mocnych) oraz niekowalencyjnych (stabych) w réznych skalach dtugosci i z
porownywalnym wkladem energetycznym. W szczego6lno$ci istotne s3 wigzania
niekowalencyjne, wsrod ktorych wyrdzni¢ mozna migdzy innymi: oddziatywania wodorowe i
koordynacyjne, van der Waalsa, elektrostatyczne, steryczne oraz hydrofobowel?!. Typowym
przyktadem samoorganizacji w naturze jest formowanie miceli i dwuwarstw lipidowych
zbudowanych z molekut amfifilowych, zwijanie oraz agregacja peptydow i protein, tworzenie
struktur kwaséw nukleinowych i ich kompleksow z biatkami, jak rowniez powstawanie
membran komérkowych??, Zajscie opisanych procesow jest mozliwe jedynie pod warunkiem
odpowiedniej mobilnosci poszczegdlnych czasteczek, gdyz uktad dazac do samoorganizacji,
optymalizuje potozenie osobnych komponentow w taki sposob, aby znalez¢ si¢ w minimum
energetycznym. Stad samoorganizacja najczesciej zachodzi w fazach ciektych lub na ptaskich
powierzchniach, a srodowisko w ktdérym przebiega ten samorzutny proces odgrywa kluczowa
role poprzez modyfikowanie oddzialywan pomiedzy molekulami. W szczeg6lnosci
zastosowanie odpowiednio zaprojektowanych powierzchni moze znaczaco poprawi¢ jakos$¢
otrzymywanych struktur redukujac W nich naprezenia i defekty.

Potencjal wykorzystania wtasciwosci chemicznie zaprojektowanych czasteczek zainspirowat
badaczy do wykorzystania procesu samoorganizacji jako metody tworzenia wigkszych
funkcjonalnych ukladow poprzez budowanie ich z mniejszych elementow na poziomie
molekularnym. Takie podejscie nosi nazwe bottom-up (z dotu do gory) i jest przeciwienstwem
podejscia top-down (z gory do dotu), czyli podejscia bazujacego na zastosowaniu technik
litograficznych szeroko stosowanych w dotychczasowej technologii fabrykacji procesorow.

Wykorzystanie proceséw samoorganizacji w elektronice jest zatem zupelnie odmienng
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koncepcja tworzenia podstawowych elementow uktadoéw elektronicznych i otwiera zupehie

nowy rozdziat tej gat¢zi nauki.

Historia molekut formujacych si¢ w wertykalnie zorientowang 1 gegsto upakowang
monowarstwe na powierzchniach réoznych materiatow poprzez adsorpcje z roztworu si¢ga roku
1946, kiedy to Zisman i inni?®! zauwazyli, ze powierzchnia kolby stozkowej stala sie
oleofobowa po kontakcie z roztworem alkoholu arachidylowego rozpuszczonego w n-
heksadekanie. W tamtym czasie potencjal tego typu planarnych struktur nie zostal jeszcze
dostrzezony, a sama publikacja spotkata si¢ z umiarkowanym zainteresowaniem. Pod koniec
lat 70 ubiegtego wieku, Sagiv utworzyt monowarstwe ze zhydrolizowanych trichlorosilanow
na powierzchni SiO2%4, a nastgpnie jako pierwszy w tytule publikacji wykorzystat termin
samoorganizujacych si¢ monowarstw molekularnych®!. Nuzzo i Allara kilka lat pdzniej
pokazali, ze tiole moga zosta¢ chemicznie zaadsorbowane na powierzchni zlota z
fozciehczonego  roztworu  zawierajacego  organiczne  molekuty  disulfidow(?®l.
Samoorganizujace si¢ monowarstwy molekularne zbudowane z organicznych tioli chemicznie
zwigzanych z powierzchnig zlota staty si¢ najbardziej popularnymi warstwami SAM i
zapoczatkowaly gwalttowny rozwoj badan nad tego typu uktadami, ktory z ogromnym
sukcesem trwa do dzis. Obecnie, po kilku dekadach badan, samoorganizujace si¢ monowarstwy
molekularne definiuje si¢ jako planarng (quasi-dwuwymiarowa), Krystaliczng strukture
zbudowang z molekut na odpowiednio dobranej powierzchni. Monowarstwa SAM powstaje
poprzez utworzenie chemicznego wigzania pomiedzy molekutami i podtozem, a nastgpnie w
sposob catkowicie spontaniczny, w celu obnizenia energii catego uktadu, czasteczki porzadkuja
si¢ 1 formuja pojedyncza, wertykalng warstwe. Mozna wyr6zni¢ trzy charakterystyczne czesci
budujace monowarstw¢ SAM: 1) grupa czotowa, ktora odpowiedzialna jest za wigzanie
chemicznie z podlozem; ii) tancuch weglowodorowy, bedacy swoistym ,kregostupem”
molekuly determinujacym grubos¢ warstwy SAM oraz oddzialywania migdzyczasteczkowe
konieczne dla samoorganizacji warstwy, iii) powierzchniowa grupa funkcyjna — okreslajaca
topografi¢, energi¢ powierzchniowa i funkcjonalno$¢ chemiczng powierzchni SAMu.
Spontaniczny proces formowania takich uktadow wymaga od kilku do kilkunastu godzin i
zachodzi najczgsciej poprzez kontakt metalicznego podloza ztota lub srebra z molekutami

organicznymi rozpuszczonymi w roztworze ciektym lub w parach gazut®’,
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Odkrycie monowarstw SAM, a w szczegdlno$ci scharakteryzowanie najbardziej klasycznego
ukladu alkanotioli na powierzchni Au(111)[*??81 otworzyto zupetnie nowy rozdziat w
fizykochemii powierzchni. Potaczylo ze sobg badania nad nieorganicznymi powierzchniami z
organicznymi molekutami tworzgc tym samym ukiad, ktory odmienit sposéb myslenia o
funkcjonalizacji powierzchni metali za pomocg chemii organicznej. Decydujgcym motorem
rozwoju badan nad monowarstwami SAM s3 ich szerokie perspektywy zastosowan w réznych
dziedzinach nauki i techniki®l. Najwiecej emocji w kontekscie aplikacyjnym budzi mozliwos¢
wykorzystania systemow SAM w szeroko rozumianej elektronice molekularnej. Pojgcie to jest
obecnie zwigzane nie tylko z elektronikg na pojedynczych molekutach, ale takze rozcigga si¢
na obszar zastosowania cienkich warstw i krysztalow molekularnych. Niezaleznie od tego, czy
rozwaza si¢ urzadzenia typu OLED[?® OFETEY OPVEY czy tez warstwy izolujacel®?,
przelacznikil®®, prostowniki®* albo elementy pamiecil®®, samoorganizujace sic monowarstwy

molekularne w kazdym wymienionym przypadku znajduja obecnie zastosowanie.

Utrzymanie tempa rozwoju badan nad SAMami jest silnie skorelowane z poznaniem
podstawowego mechanizmu formowania si¢ samych warstw i zasad rzadzacych interfejsem
molekula-metal. Niestety, pomimo szeregu prac poswigconych tej tematyce, wiele
zasadniczych problemow pozostaje wcigz nierozwigzanych, ktore w ocenie autora niniejszej
pracy doktorskiej sa kluczowe dla blizszego poznania natury samoorganizujacych si¢

monowarstw molekularnych.

O sukcesie aplikacyjnym danego systemu rozstrzyga w duzej mierze zdolnos¢ do
projektowania i kontrolowania jego wlasciwosci fizyko-chemicznych. W przypadku
monowarstw SAM istotny wplyw na parametry uktadu wywiera wcigz mato poznany
mechanizm wigzania si¢ molekuty organicznej z podtozem®*"). Oddziatywanie to determinuje
nie tylko site wigzania chemicznego decydujaca o wysokosci bariery potencjatu na transport
tadunku przez interfejs, ale rowniez kierunek orientacji molekuty w przestrzeni. Pierwszymi
SAMami najbardziej gruntownie przebadanymi w ujgciu eksperymentalnym byty
monowarstwy zbudowane ze wspomnianych molekut alkanotioli na powierzchni Au(111). W
$lad za pracami do§wiadczalnymi podgzaty prace teoretyczne, ktore rozwazaty sposob wigzania
siarki do powierzchni ztota. Zaproponowanych zostalo wiele modeli geometrii adsorpcji
S/Au(111), niestety nawet dla najprostszych ukladéw metylotioli nie istnieja obliczenia
jednoznacznie wyjasniajace zagadnienie, co jest spowodowane ograniczeniami samych metod
teoretycznychl®8-4%1. Brak przejrzystosci dotyczy rowniez obliczenia sity wigzania siarka — ztoto

w monowarstwach typu SAM. W tym przypadku energia zalezy $cisle od geometrii wigzania
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(wiele mozliwosci: bridge, top, fcc, hcp) jak rowniez od dhlugosci 1 typu tancucha
weglowodorowego, z ktorego zbudowana jest molekuta. W literaturze mozna znalez¢ wartosci
energii wigzania prostych molekut tiolowych do zlota zawierajace si¢ w do$¢ szerokim
przedziale 1-2 eV. W $wietle niewystarczajacych obliczen teoretycznych, prace doswiadczalne
obraty kierunek empirycznego zbadania wpltywu rodzaju grupy wigzacej molekuly do
metalicznego podloza na stabilno$¢ monowarstwy. W ramach tych doswiadczen
zaproponowano zbadanie zmiany atomu wigzacego z siarki na selen, co wydaje si¢ wyborem
naturalnym, gdyz oba pierwiastki lezg w tej samej, XVI grupie uktadu okresowego, a wiec maja
zblizone witasciwosci chemiczne. Niestety prace do§wiadczalne oraz teoretyczne analizujace
wplyw podstawienia S — Se w grupie czotowej na stabilno$¢ wiazania do powierzchnil* 42
oraz na przewodnictwol***4 zlacza molekularnego daly wzajemnie sprzeczne odpowiedzi.
Prawdopodobng przyczyng tego stanu rzeczy jest niewlasciwy dobor uktadow SAM jakie
poddano badaniom. W przypadku zestawienia stabilnosci dwoch analogicznych SAMow,
roéznigcych si¢ jedynie grupa wigzaca molekule z podlozem, nalezy zadba¢ aby utworzone
monowarstwy byly w pelni analogiczne. Oprocz chemicznie analogicznych czasteczek
budujacych SAM, molekuty muszg by¢ upakowane na powierzchni podloza z podobnag
gestoscig oraz tworzy¢ podobna strukture. Brak takiej strukturalnej zgodnos$ci poréwnywanych
ze sobg warstw SAM jest przyczyna rozbieznosci wynikowl#245- 471 jakie otrzymano analizujac
stabilno§¢ monowarstw aromatycznych opartych na benzenotiolach (BS) oraz
benzenoselenolach (BSe), w ktérych pierscien benzenowy jest wigzany do powierzchni ztota
za pomocg, odpowiednio, atomu siarki lub selenu. Jak si¢ okazuje, réznica w gestosci
upakowania molekut BS oraz BSe wynosi ponad 30%, co skutkuje kompletnie odmiennymi
oddziatywaniami intermolekularnymi. Poniewaz stabilno$¢ uktadu SAM jest wynikiem
zarowno oddziatywania molekuly z podlozem (tj. wigzanie S-Au lub Se-Au), jak i
oddziatywania pomig¢dzy molekutami, to obserwowana w eksperymencie rdznica pomig¢dzy
tiolami i selenolami moze by¢ w sposob racjonalny powigzana ze stabilnos$cia wigzania do
podtoza jedynie w przypadku, gdy pozostate oddziatywania intermolekularne sg identyczne 1

nie wpltywaja na stabilnos¢ porownywanych uktadow.

Takie Kkryterium spelniaja monowarstwy hybrydowych molekut alifatyczno-aromatycznych
stanowigcych szereg homologiczny BPnS(Se) o ogdlnym wzorze CH3-(CsHa)2-[CH2]n-S(Se),
gdzie n = 2-6. Pokazano, ze dla danej warto$ci parametru n monowarstwy zbudowane z tych
molekul na powierzchni Au(111) 1 Ag(111) majg analogiczng strukture, co pozwala porownac

bezposrednio ich stabilno$é*148-50, Ponadto w zaleznosci od parzystoéci parametru n warstwy
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te wykazujg zmiang swojej struktury. Udowodniono, ze na powierzchni Au(111) monowarstwy
BPnS(Se) o nieparzystym n formuja struktury o wyraznie wigkszej gestosci upakowania i
bardziej pionowej orientacji molekul wzgledem podioza Au(111). Przy zamianie podtoza z
Au(111)na Ag(111) efekt ten staje si¢ przeciwny tzn. wickszg gegstoscig upakowania i bardziej
pionow3 orientacjg molekut wzgledem podioza charakteryzujg si¢ monowarstwy o parzystych
warto$ciach parametru n. Odwrdcenie efektu parzystosci ze zmiang podloza jest
przypuszczalnie zwigzane ze zmiang kata wigzania podtoze-S(Se)-C, odpowiednio, z warto$ci
~104° na ~180°*851521 Bjorac pod uwage podobiefistwo struktur, jakie sa tworzone przez
monowarstwy BPn(S) oraz BPn(Se) na powierzchniach Au(111) oraz Ag(111) uktady te mozna
wykorzysta¢ do analizy wptywu wigzania molekuta-metal na stabilno$¢ monowarstw SAM.
Takie badania z wykorzystaniem analizy stabilno§ci monowarstw na proces wymiany innymi
molekutami zdolnymi tworzy¢ SAMy przeprowadzono dla monowarstw BPnS(Se) na podtozu
Au(111), wykazujac wicksza stabilno$é monowarstw opartych na seleniel. Analogiczne
pomiary stabilno$ci dla podioza Ag(111) nie zostaly przeprowadzone dla tego typu
monowarstw. Badania jakie przeprowadzono dla innych uktadow SAM, ktére nie spetniaja
kryteriow wskazanych powyzej, wskazuja na wigksza stabilno$¢ wigzania Ag-S w poréwnaniu
do Ag-Se. Biorac pod uwagg jednak niejednoznaczno$¢ wynikow opartych na uktadach, ktore
nie s3 strukturalnie podobne nalezy uzna¢, ze kwestia ta pozostaje otwarta i wymaga dalszych
badan, do przeprowadzenia ktorych doskonale nadajg si¢ na przyklad warstwy

BPnS(Se)/Ag(111).

Poréwnanie przewodnictwa monowarstw SAM opartych na tiolach i selenolach rowniez
napotyka na powazne trudnosci. Po pierwsze nalezy podkresli¢, ze do tej pory przeprowadzone
zostaly tylko dwa eksperymenty bazujace na wykorzystaniu pomiaréw STM, ktore przyniosty
sprzeczne wynikil**44, Pomiary te bazowaly na przewodnictwie mierzonym dla pojedynczych
molekut, a nie monowarstw 1 podobnie jak pomiary stabilno$ci nie porownywatly uktadow
podobnych 1 dobrze okreslonych, co najprawdopodobniej jest przyczyng uzyskania

sprzecznych wynikow.

W podsumowaniu nalezy stwierdzi¢, ze pierwszym krokiem do wykonania wiarygodnych
pomiardw poréwnujacych stabilno$¢ badz przewodnictwo monowarstw SAM w funkcji ich
wigzania do podtoza metalicznego jest wybranie dobrze scharakteryzowanych ukladéw, dla
ktérych poroéwnanie takie moze da¢ miarodajne wyniki. Nalezy takze podkresli¢, ze znalezienie
takich modelowych uktadéw nie jest proste i wymaga przegladu wielu potencjalnych
kandydatow. Kolejnym istotnym krokiem w kierunku przeprowadzenia takiej analizy jest
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wykorzystanie odpowiednich metod badawczych, ktore pozwolityby na zbadanie stabilnosci
wigzania molekut do powierzchni w monowarstwie SAM, a nast¢gpnie skorelowanie tych

wynikoéw z pomiarami przewodnictwa.

W tego typu badaniach stabilno$ci najczesciej wykorzystywang technika, jest termicznie
programowana desorpcja (TPD lub TDS). Stanowi ona jedna z podstawowych metod chemii
analitycznej polegajaca na analizie par materialu desorbowanego z probki wraz ze wzrostem
jej temperatury. Klasyczny uktad do termicznej desorpcji zawiera uktad post-jonizacyjny na
bazie wiazki elektronowej lub laserowej, za ktorym znajduje si¢ kwadrupolowy spektrometr
masowy umozliwiajacy detekcje desorbowanych czgstek 0 zadanej masie. Niestety, duza wada
rozwigzania z post-jonizacja jest niska wydajno$¢ procesu, jak réwniez czesta fragmentacja
wiekszych obiektow organicznych, co skutkuje powstawaniem artefaktow w widmie
masowym. Dodatkowo detektory kwadrupolowe maja typowy zakres detekcji obiektoéw do
kilkuset jednostek masowych, co zazwyczaj wyklucza analizowanie cigzszych molekut

organicznych.

Ograniczenia w detekcji masowej mozna pokonaé stosujac technike spektrometrii masowe;j
jonow wtornych (SIMS), ktora stata si¢ jedng z fundamentalnych technik badawczych
powierzchni, gtéwnie jako niedos$cignione narzedzie w analizie sktadu chemicznego cienkich
warstw organicznych czy obrazowaniu struktur biologicznychl®*%€l, SIMS jako metoda
pomiarowa wydaje si¢ by¢ bardzo obiecujagcym narzedziem do analizy energii wigzan
chemicznych na interfejsie molekuta-metal w monowarstwach SAM. Sposrdd catej rozmaitosci
innych technik badawczych, SIMS wyr6znia si¢: 1) najwickszg czutoscig ze wszystkich technik
analitycznych (wykrywa zmiany w skladzie chemicznym probek ponizej 1 pbb(!)); ii)
bezkonkurencyjnym stosunkiem sygnatu do szumu; iii) nielimitowanym zakresem
masowymbD°l. Ponadto ogromna zaleta SIMSu jest pikosekundowa skala czasowa zjawisk jakie
zachodzg po uderzeniu pocisku w tarczg. W tak krotkim czasie bombardowany uktad nie jest
w stanie dysypowac¢ przetransferowanej z pocisku energii, a wigc nie relaksuje i nie zmienia si¢
w czasie pomiaru. Z taka sytuacja mamy do czynienia szczeg6lnie w rezimie statycznym SIMS
(S-SIMS), gdy kazdy padajacy jon uderza w nienaruszony, dziewiczy obszar tarczy. Jest to
zupelnie inna koncepcja pomiarowa w poréwnaniu do klasycznych metod prébkujacych
zrywanie wigzan chemicznych. W przypadku standardowej desorpcji zar6wno temperaturowe;j
jak i elektrochemicznej, czynnik zewngtrzny przyktadany jest globalnie do catej probki, a czas
pomiaru czg¢sto siega godzin. W tak dtugim okresie czasu uktad moze ewoluowac, przechodzi¢

do innych faz zwlaszcza w przypadku monowarstw SAMIY, a wtedy otrzymywana informacja
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pochodzi z innego systemu niz pierwotnie wzigty do badan. W przypadku SIMSu problem ten
nie istnieje.

Dotychczasowe badania struktur SAM za pomocg S-SIMSu skupialy si¢ na procesie
formowania struktur na réznych podtozach®-®%l degradacji i uszkodzen pod wplywem
rozmaitych czynnikow®l czy tez analizie stopnia metalizacji powierzchni monowarstwy
SAMI®® W literaturze brak jest jednak prac w ktérych technika ta bytaby wykorzystana do
analizy stabilnos$ci interfejsu metal-molekuta organiczna, a tym bardziej w kontekscie
systemow SAM. W ostatnich latach zaproponowano potaczenie techniki SIMS z pomiarami
TDS uzyskujac unikalne potaczenie spektrometrii masowej jondw wtornych z temperaturowo
programowalng desorpcja. TP-SIMS jest technikg pozwalajaca na analize powierzchni probki
w funkcji temperatury z czulo$cia 1 zakresem masowym SIMSu, czyli znacznie
przewyzszajacym standardowe uklady do termicznej desorpcji. Inng bardzo wazng zaleta
techniki TP-SIMS jest mozliwos¢ okreslenia energii desorpcji jako sumy energii wigzania
chemicznego i desorpcyjnej energii aktywacji. Niestety aparatura w takiej konfiguracji jest
rzadko spotykana. W przypadku monowarstw SAM technika ta zostala wykorzystana jak dotad

tylko w kilku pracacht®®67,

16



4. Krotki opis badan skladajacych si¢ na prace doktorska

Wszystkie pomiary przeprowadzone w ramach pracy doktorskiej wykonano na spektrometrze
masowym jonéw wtornych (TOF-SIMS V, ION-ToF GmbH) w laboratorium Zaktadu Inzynierii
Nowych Materialow, natomiast preparatyke probek wykonano w Zaktadzie Fizyki
Nanostruktur i Nanotechnologii na Wydziale Fizyki, Astronomii i Informatyki Stosowanej

Uniwersytetu Jagiellonskiego.

4.1 Oscylacje energii wigzan

CH,

Q
@

(Cle).. n=2.6
S/Se

|Au(111)|Ag(111)

Rysunek 1. Molekuly wykorzystane w badaniach. Parametr n oznacza liczbe grup metylowych w tancuchu
alifatycznym

Pierwsze przeprowadzone pomiary skladajace si¢ na niniejsza pracg¢ doktorska miaty
pierwotnie za zadanie sprawdzi¢, czy SIMS jest technika zdolng do ujawnienia réznic w
stabilnosci blizniaczych monowarstw, zbudowanych z chemicznie tozsamych molekul,
roznigcych si¢ atomem wigzacym czasteczke do podtoza i tworzacych niemalze identyczne
struktury SAM. Do realizacji tego zadania zostaty $cisle wyselekcjonowane molekuty z szeregu
homologicznego BPnS/Au(111) (CHs-[CeHa]2-[CH2]n-S/Au(111), n = 2 - 6) oraz ich
selenolowe analogi BPnSe/Au(111) (CHs-[CeHa]2-[CH2]a-Se/Au(111), n = 2 - 6) przedstawione
na rysunku 3. Monowarstwy SAM uformowane z obu typéw molekut tioli i selenoli zostaty w

ostatnich latach na tyle gruntownie przestudiowane, Zze obecnie uwazane s3 za uklad

17



3,04 h/l+ a)

CH,
2,5 S
2,0 Se
1,51

1,0+ ) (ClH,).

0,54 S!ISe

0,0- Au(111)

100

CH,
80
S
60 Se

(CHy),
|
S/Se

Znormalizowany sygnat [j.u.]

o r £ (o)]
1 1 1

Au(111)
2 3 4 5 6

liczba grup CH,

Rysunek 2. Analiza danych SIMS. Wykresy (a) i (b) prezentuja znormalizowang emisj¢ odpowiednio kompletnej
molekuty (M+) i fragmentu bez siarki/selenu (M-(S/Se)) z monowarstw BPnS (niebieskie stupki) oraz BPnSe (czerwone
stupki).

modelowy#849515268-711 - Klyczowym aspektem tych pomiaréw bylo poréwnanie ze soba
dwoch rodzin molekut formujacych uktady SAM, a nie jedynie dwoch pojedynczych
monowarstw. Pozwolito to na szerzej zakrojona analiz¢ pordwnawcza, dzigki ktorej
zaobserwowano efekt bedacy motywem przewodnim publikacji otwierajgcej przewod
doktorski.

Badania wstepne skupity si¢ na emisji kompletnej czasteczki, czyli przerwaniu wigzania
chemicznego Au-S lub Au-Se (rys. 4a), ktore jest kluczowym ogniwem w interfejsie molekuta-
metal 1 uznane zostalo za decydujace w kontekscie stabilnosci catej monowarstwy SAM.
Wyniki przeprowadzonych pomiaréw pokazaly, ze emisja kompletnej molekuty (M*) jest
znacznie silniejsza z monowarstw BPnS/Au(111) niz BPnSe/Au(111) (dla kazdego n!), co
jednoznacznie wskazuje na stabsze wigzanie Au-S w poréwnaniu do Au-Se. W kolejnym kroku
analizie poddano fragment pozbawiony atomu wigzgcego molekute do podtoza (M-S¥) (rys.
4b). W tym przypadku okazuje si¢, ze emisja weglowodorowego fragmentu molekuty
pozbawionego atomu wigzacego (tj. siarki lub selenu) jest znacznie wicksza dla monowarstw

selenolowych, co z kolei oznacza, ze stosunkowo latwiej jest przerwaé wigzanie Se-C
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Rysunek 5. Analiza danych SIMS. W prostokatach na schematach po lewej stronie panelow (a)-(C) zaznaczony jest
fragment molekularny, ktorego emisja jest $cisle powigzana z przerwaniem odpowiedniego wiazania w czasteczce. Po
prawej stronie panelow przedstawiona jest znormalizowana emisja fragmentow CisHis* (a), CiHi7* (b) oraz Ci7Hie* (C)
odpowiednio z podtoza Au(111) (zo6tte tlo) oraz Ag(111) (szare tlo). Niebieskie i czerwone stupki prezentuja sygnaty
pochodzace odpowiednio z monowarstw BPnS i BPnSe. Panele (d) oraz (e) schematycznie podsumowuja otrzymane
wyniki odpowiednio z podtoza Au(111) oraz Ag(111): (i) wigksza energia wiazania Se-Au(Ag) w poréwnaniu do S-
Au(Ag); (ii) wigksza energia wigzania S(Se)-Ag w poroéwnaniu do S(Se)-Au; (iii) oscylacja energii kolejnych wigzan
chemicznych wzdhuz tancucha alifatycznego; (iv) efekt oscylacyjny zanika wraz ze zwigkszaniem odleglosci od interfejsu
molekuta-metal; (v) amplituda oscylacji w przypadku monowarstw BPnSe jest wigksza wzglgdem BPnS, jak rowniez

amplituda jest wigksza w przypadku podloza Ag(111) wzglgdem Au(111) dla obu szeregéw homologicznych molekut.
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W porownaniu do wigzania S-C. Zjawisko to, mozna wytlumaczy¢ rozwazajac elektrony
walencyjne siarki badz selenu, ktore sg zaangazowane w jednoczesne tworzenie dwoch wigzan
chemicznych na interfejsie Au-S(Se)-C-C?-... . Jedno z tych wigzan jest z powierzchnig Au
(wigzanie Au-S(Se)) a drugie z atomem wegla z pierwsze] grupy metylowej lancucha
alifatycznego (wigzanie S(Se)-Ct). Wieksze zaangazowanie elektronéw walencyjnych atomu
siarki lub selenu w wigzanie z podlozem Au-S(Se) odbywa si¢ kosztem mniejszego
zaangazowania w wigzanie S(Se)-C1. Mozna przypuszczaé, ze efekt ten bedzie przenosit si¢ na
kolejne wiazania w tym szeregu, to znaczy Slabsze wiazanie S(Se)-C! bedzie skutkowato
zwiekszeniem stabilnosci kolejnego wiazania w szeregu, czyli wigzania C*-C? . Rozumowanie
to prowadzi do powstania naprzemiennych zmian w stabilnosci kolejnych wigzan chemicznych
wzdhuz tancucha alifatycznego, czyli swoistych oscylacji (rys. 5). Oczywiscie w miare
przechodzenia wzdluz kolejnych wigzan tancucha alifatycznego, mamy do czynienia z
zanikaniem asymetrii w tym ukladzie molekularnym, a wigc 1 amplituda tych oscylacji musi
gasng¢, poniewaz zrodtem oscylacji jest wlasnie asymetria wigzan chemicznych. Ten efekt
prowadzi zatem do zaniku oscylacji w miar¢ przesuwania si¢ od interfejsu molekuta-metal,
ktéry tamie symetri¢ translacyjna tego uktadu, w kierunku $rodka tancucha alifatycznego gdzie
symetria ta jest zachowana. W celu potwierdzenia tej hipotezy na gruncie analizy teoretycznej
uktadu, nawigzano wspotpraceg z dwiema grupami teoretycznymi. W pierwszym kroku w grupie
Prof. Zbigniewa Postawy (Zaktad Fizyki Nanostruktur i Nanotechnologii, FAIS UJ)
przeprowadzono symulacj¢ procesu rozpylania warstw BP3S/Au na drodze symulacji
dynamikg molekularng. Symulacje te miaty na celu potwierdzenie, zatozenia, Ze obserwowane
réznice w emisji kompletnej molekuly (M) oraz fragmentu bez atomu wigzacego (M-S) sa
rzeczywiscie skorelowane ze zmianami w stabilno$ci wigzan Au-S i S-C. W kolejnym kroku

dr hab. Mariusz Krawiec z Uniwersytetu Marii Curie-Sktodowskiej w Lublinie postugujac sig
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Rysunek 6. Obliczenia DFT wykonane dla molekuty w monowarstwie BP3S/Au(111) wraz z zaznaczonymi energiami (w
eV) poszczegdlnych wiagzan chemicznych. Rysunek pochodzi z pracy [15]
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metodami Teorii Funkcjonatow Gestosci (DFT) przeprowadzit obliczenia zaré6wno energii
wigzan w monowarstwie BP3S/Au (rys. 6), jak i energii swobodnych molekut: BP3SH, BPSeH
oraz HS-(CH2)10-CHs potwierdzajac, ze oscylacja w stabilnosci kolejnych wigzan chemicznych
jest bardziej ogdlnym zjawiskiem, ktore nie tylko nie bylo do tej pory dyskutowane, ale nie

zostato rowniez wcze$niej zobserwowane na drodze eksperymentalnej®l.

4.2 Zamiana podloza Au(111) - Ag(111)

W kolejnym etapie rozwinigto dotychczasowa analize poprzez zbadanie struktur
uformowanych z tych samych rodzin molekut (BPnS(Se), n = 2 - 6), chemisorbowanych do
powierzchni Ag(111). Przeprowadzenie w pelni analogicznego pomiaru SIMS pozwolito na
bezposrednie poroéwnanie monowarstw BPnS(Se)/Au(111l) z BPnS(Se)/Ag(111), a w
szczegolnosci sprawdzenie, czy efekt oscylacji energii kolejnych wigzan chemicznych w
tancuchu alifatycznym wystapi rowniez w uktadach na powierzchni srebra. Nalezy podkresli¢
fakt, ze srebro jest materialem wysoce pozagdanym w przemysle elektronicznym z uwagi na
jego przewodnictwo wiasciwe [1/Q-m], ktore dla srebra wynosi 61,39-10°, dla ztota natomiast
44,0-108, co stanowi o przewadze Ag nad Au w kontekscie transportu elektronowegol’?.

W przypadku uktadow SAM zbudowanych z molekut tworzacych szereg homologiczny
BPnS(Se) (n = 2 — 6), wystepuje efekt parzystosci, ktory ma swoje odzwierciedlenie w
stabilnosci monowarstw. Mikroskopowe oraz spektroskopowe badania wykazaly, ze na
powierzchni Au(111) gesciej upakowane i1 energetycznie lepiej zoptymalizowane sg uktady, w
ktorych tancuch alifatyczny zbudowany jest z nieparzystej liczby grup metylowych (n = 3, 5)
w porownaniu do parzystych homologdéw (n=2, 4, 6). Zamiana podiozaz Au(111)na Ag(111)
skutkuje odwrdceniem efektu parzystosci, w nastepstwie czego uktadami o wigkszej stabilnosci
I gestosci upakowania sg te, w ktorych tancuch alifatyczny ma parzysta liczbe grup CHo.
Pierwsza cz¢§¢ wynikow SIMS przedstawiona w drugiej publikacji koncentruje si¢ na emisji
charakterystycznych dla uktadoéw SAM klastrow metaloorganicznych M>Au oraz M2Ag™ (gdzie
M oznacza kompletng molekutg) bedacych swoistym ,,0dciskiem palca” wigzania chemicznego
pomiedzy molekulg i metalem. Analiza intensywnos$ci sygnatu M>Au(Ag) w funkcji parametru
n jednoznacznie pokazata, ze technika SIMS jest w stanie §ledzi¢ za subtelnymi zmianami w
strukturze SAM i to pod dwoma réznymi katami z punktu widzenia ich struktury. Po pierwsze
zaobserwowano, ze sygnaly pochodzace z monowarstw tiolowych sg bardziej intensywne od

ich selenolowych odpowiednikow (na tym samym podtozu), a r6znica jest na poziomie jednego
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rzedu wielko$ci. Wynik ten potwierdza eksperymenty wymiany przeprowadzone dodatkowo w
tej pracy i $wiadczy o silniejszym wigzaniu Au(Ag)-Se w poréwnaniu do Au(Ag)-S. Po drugie,
na powierzchni zlota obserwowano silniejsza emisj¢ klastrow metaloorganicznych w
przypadku monowarstw BPnS(Se) zbudowanych z nieparzystych molekut w poréwnaniu do
parzystych, natomiast w przypadku powierzchni srebra efekt ten byl odwrocony, co jest
wyraznym potwierdzeniem wspomnianego wczesniej efektu parzystosci, ktorego faza zmienia
si¢ na przeciwng przy zmianie podtoza z Au(111) na Ag(111).

Kolejna czes$¢ badan skupita si¢ na analizie sygnatow pochodzacych od kompletnej molekuty
oraz jej fragmentu pozbawionego siarki badz selenu. Poprzez pordéwnanie wynikoéw
uzyskanych dla warstw BPnS(Se) na tym samym podtozu (Au lub Ag) pokazano, ze duzo
tatwiej jest przerwa¢ wigzanie S(Se)-C w poréwnaniu do wigzania zarowno Au-S(Se), jak i Ag-
S(Se). Nastepnie analiza intensywnosci tych samych fragmentéw molekularnych, ale dla
uktadow osadzonych na réznych podlozach ujawnia, ze wigzanie Au(Ag)-S jest wigzaniem
stabszym w poréwnaniu do Au(Ag)-Se, przy jednoczesnym silniejszym wigzaniu S-C w
poréwnaniu do Se-C, zar6wno na ztocie jak i na srebrze. Analiza tych danych pokazata rowniez
wyrazny efekt parzystosci fragmentu M-S(Se) dla monowarstw utworzonych na powierzchni
srebra i brak takiego zjawiska dla powierzchni zlota. Mozna przypuszczaé, ze wynik ten
wskazuje na znacznie wigkszy wplyw efektu parzystosci struktury monowarstw BPnS(Se) na
stabilno$¢ wigzan chemicznych z podtozem Ag(111) niz z podtozem Au(111).

Koncowa i najwazniejsza czg¢$¢ badan polegata na sprawdzeniu, czy efekt oscylacji energii
wigzan chemicznych na interfejsie molekuta-metal zaobserwowany w monowarstwach
osadzonych na powierzchni ztota wystepuje rowniez dla tych samych uktadow na powierzchni
srebra. W tym celu przeprowadzono w pelni analogiczng analize, a wszystkie wykresy zostaty
zebrane i przedstawione na rysunku 5.

Poréwnano ze sobg intensywnosci sygnatow jonow weglowodorowych ([CisHis]*, [CisH17],
[C17H19]") emitowanych wskutek przerwania odpowiednich wigzah pomiedzy atomami wegla
w tancuchu alifatycznym molekut budujacych monowarstwy SAM na obu typach podtozy.
Analiza pokazata, iz wnioski wyciagnigte z poprzedniej pracy byty prawidtowe. Okazuje sie,
ze w monowarstwach na powierzchni srebra energia wigzan pomigdzy grupami metylowymi W
taficuchu alifatycznym réwniez ma charakter oscylacyjny. Chociaz strukturalny efekt
parzystosci, majacy swoje odzwierciedlenie w stabilnosci monowarstw, odwraca si¢ przy
zmianie podiloza z Au(111) na Ag(111), to zjawisko oscylacyjne si¢ nie zmienia. Faza oscylacji
jest identyczna jak przypadku Au(111), a amplituda wykazuje taki sam gasnacy charakter.

Maksymalng warto$¢ uzyskuje przy samej powierzchni, a nastepnie oddalajac si¢ od interfejsu,
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wraz z propagacja oscylacji wzdhuz tancucha alifatycznego, amplituda oscylacji szybko maleje.
Ponadto, niezaleznie od doboru podloza, amplituda jest wigksza w selenolowych
monowarstwach w poréwnaniu do tiolowych. Nastepnie, w przypadku obu rodzin SAM
dysproporcje energetyczne sg wieksze dla molekut osadzonych na powierzchni Ag(111) w
poréwnaniu do Au(111), co jest spdjne z wnioskami wyciggnietymi na podstawie analizy emisji
kompletnej molekuly oraz fragmentu bez atomu wigzacego | 0znacza, ze czasteczki mocniej
wigza si¢ do powierzchni srebra. Nalezy podkresli¢, ze tak skrupulatna analiza mozliwa byta
jedynie dzigki wykorzystaniu dwoch rodzin molekul tworzacych bardzo dobrze
scharakteryzowane uktady SAM na dwoéch réznych podtozach, co w sumie pozwolito
udokumentowac zjawisko oscylacji na podstawie bardzo spojnej i komplementarnej analizy 20

réznych monowarstw SAMUE],

4.3 Zastosowanie zjawiska oscylacji energii wiazan

CN CN

[ Au | [ Au |

Rysunek 3. Molekuty wykorzystane w badaniach.

Jak wspomniano w rozdziale II, duzych trudnoS$ci przysparza rozstrzygnigcie jaki wptyw na
stabilno$¢ 1 przewodnictwo monowarstw SAM ma podstawienie S — Se w grupie czotowej. Z
uwagi na fakt, ze jako$¢ interfejsu molekuta-metal ma kluczowe znaczenie w kontekscie
przewodnictwa elektronowego, wspdlnie z dwiema niemieckimi grupami badawczymi podjeto
probe rozwigzania tego problemu majacego charakter modelowy dla zrozumienia zasad
budowy warstw SAM. Do badan wybrano molekuty 6-cyjanonaftaleno-2-tioli (NapS) oraz 6-
cyjanonaftaleno-2-selenoli (NapSe) o wzorze NC=C1oHe-S(Se)H, z ktorych uformowano
monowarstwy SAM na powierzchni Au(111) (rys. 7). Za synteze molekut wraz z pomiarami
elipsometrycznymi i refleksyjno-absorpcyjna spektroskopia w podczerwieni (IRRAS)

odpowiedzialna byta grupa prof. Andreasa Terforta z z Uniwersytetu Goethego we Frankfurcie
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nad Menem. Pomiary wysokorozdzielczej spektroskopii fotoelektronéw (HRXPS), katowo-
rozdzielczej spektroskopii subtelnej struktury w poblizu krawedzi absorpcji promieniowania
rentgenowskiego (NEXAFS) oraz rezonansowej spektroskopii elektronéw Augera (RAES)
zostaly wykonane przez grup¢ prof. Michaela Zharnikova z Uniwersytetu w Heidelbergu.
Natomiast pomiary skaningowej mikroskopii tunelowej (STM), spektrometrii masowej jonow
wtornych (SIMS) oraz eksperymenty wymiany zostalty wykonane przez grup¢ dr hab. Piotra
Cyganika z Uniwersytetu Jagiellonskiego. Pomiary elipsometryczne, mikroskopowe oraz
spektroskopowe (oprocz RAES) postuzyly do pelnego scharakteryzowania struktury
monowarstw powstatych z obu typow molekut. Otrzymane wyniki wyraznie pokazaty dwie
bardzo zblizone struktury, o podobnej gestosci upakowania molekut i ich orientacji
przestrzennej na powierzchni Au(111). Na tej podstawie mozna zatozy¢, ze ewentualne réznice
w stabilnosci oraz przewodnictwie pomigdzy monowarstwami NapS/Au(111) i NapSe/Au(111)
beda mialy swoje zroédlo w interfejsie molekuta-metal, czyli pozwola na jednoznaczne
wskazanie, ktory z atomow (S badz Se) zapewnia uktadowi SAM lepszg stabilnos¢ i wigksze
przewodnictwo elektryczne. Stabilno$¢ obu monowarstw zbadano w eksperymencie wymiany,
ktorego idea polega na ekspozycji uprzednio uformowanego systemu SAM na roztwor
zawierajacy molekuty innego rodzaju, rowniez zdolne do tworzenia monowarstw. Wymiana
zachodzi poprzez przerwanie pierwotnego wigzania molekuta-metal i w jego miejsce
utworzenie nowego wigzania przez molekule z roztworu, przy czym w procesie tym
faworyzowane jest wigzanie o wigkszej energii. Za mniej stabilng uwaza si¢ zatem te
monowarstwe SAM, ktéra wymienila si¢ w wiekszym stopniu w poréwnaniu do swojego
odpowiednika. W przypadku badan uktadow NapS/Au(111) i NapSe/Au(111), po uptywie 120
godzin, monowarstwa selenolowa pozostata praktycznie nienaruszona (zaszta wymiana na
poziomie 10%), podczas gdy monowarstwa tiolowa wymienita si¢ catkowicie. Wynik ten ma
charakter zero-jedynkowy i jednoznacznie wskazuje wigzanie Au-Se jako zdecydowanie
silniejsze w pordwnaniu do wigzania Au-S. Poniewaz dotychczasowe prace dostgpne w
literaturzel*** sugerowatly, na podstawie jedynie posrednich eksperymentow, ze silniejsze
wigzanie molekuty do metalu jest gwarantem lepszego kontaktu elektrycznego i w efekcie
wigkszej wartosci przewodnictwa uktadu, spodziewano si¢, ze uktad NapSe/Au(111) bedzie
lepiej przewodzit prad elektryczny w poréwnaniu do uktadu NapS/Au(111l). W celu
rozstrzygnigcia kwestii przewodnictwa przeprowadzono badania obu monowarstw metoda
rezonansowej spektroskopii elektronéw Augera. W technice RAES, co wyrdznia jg sposrod
innych metod badania przewodnictwa, zlacze elektryczne nie jest tworzone i brak jest napigcia

polaryzujacego ztacze, a zamiast pomiaru przewodnictwa okresla si¢ czas transferu elektronu
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Rysunek 4. Analiza danych SIMS. Wykres (a) przedstawia znormalizowany sygnal emisji kompletnej molekuly z
monowarstwy NC-NapS/Au(111) (niebieskie stupki) oraz NC-NapSe/Au(111) (czerwone stupki). Analogiczne dane dla
emisji fragmentu pozbawionego siarki badz selenu przedstawiono na wykresie (b).

do podtoza ze stanu wzbudzonego molekuty zlokalizowanego na jej swobodnym koncu, czyli
na grupie funkcyjnej. W przypadku monowarstw NapS(Se)/Au(111l) pomiar polegat na
wzbudzeniu atomu azotu w grupie cyjanowej (CN), a nastgpnie zmierzeniu czasu
bezpromienistej deekscytacji uktadu poprzez przemieszczenie si¢ elektronu z grupy CN wzdtuz
calej molekuty do poziomu pasma przewodnictwa podtoza Au(111). Otrzymany wynik stal w
sprzeczno$ci z wezesniejszymi przypuszczeniami, bowiem zmierzony czas wyniost 24 + 4 fs
niezaleznie czy badana byta monowarstwa NapS czy NapSe i na gruncie dotychczasowych
eksperymentow byt trudny do wytlumaczenia. Dla wytlumaczenia tego wyniku kluczowe
okazaly si¢ pomiary SIMS, w ktérych analizie poddano emisj¢ kompletnej molekuty
(przerwanie wigzania Au-S(Se)) i fragmentu molekularnego pozbawionego atomu grupy

wigzacej (przerwanie wigzania S(Se)-C)) przedstawione na rysunku 8.

Wyniki jednoznacznie pokazaty, ze w badanych uktadach czysto aromatycznych warstw SAM
selen wigze si¢ mocniej do zlota niz siarka, przy jednoczesnym stabszym wigzaniu si¢ selenu
do wegla (w pierScieniu aromatycznym) wzgledem analogicznego wigzania dla uktadu z siarka.

Ten rezultat ponownie udowadnia, ze zaangazowanie atomu w jedno z wigzah chemicznych
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odbywa si¢ kosztem energii drugiego wigzania. Wniosek ten moze postuzy¢ do wyttumaczenia
identycznej wartosci przewodnictwa obu monowarstw, pomimo znacznie silniejszego wigzania
Au-Se wzgledem analogicznego wigzania Au-S. Dzieje si¢ tak, poniewaz w trakcie procesu
tunelowania transfer fadunku nast¢puje poprzez oba sgsiadujgce wigzania chemiczne (Au-
S(Se)-C) i efekt sumaryczny tego procesu, z uwagi na kompensacje silniejszego wigzania grupy
czotowej do podloza poprzez stabsze wigzanie tej grupy z reszta molekuly, prowadzi do
podobnego rozktadu ggstosci elektronow wzdluz interfejsu molekuta-metal dla obu typow
atomow, co skutkuje bardzo podobng warto$cig przewodnictwa tunelowego przez zlgcze.
Nalezy podkresli¢, ze hipoteza ta, cho¢ sformutowana dla konkretnych w petni aromatycznych
ukladow SAM, ma naszym zdaniem znaczenie bardziej ogdélne i moze, na przyktad,
wytlumaczy¢ podobne przewodnictwo obserwowane eksperymentalnie dla warstw alkanotioli
uformowanych na powierzchniach Au(111) i Ag(111)[3, gdzie silniejsze wigzanie Ag-S W
porownaniu do wigzania Au-S begdzie kompensowane przez stabsze wigzanie S-C na podiozu

Ag w porownaniu do podtoza Au.

Kolejng praca, w ktorej wykorzystano mozliwos¢ §ledzenia energetyki wigzan chemicznych na
interfejsie molekuta-metal, byly badania po§wigcone analizie struktury SAM uformowanej z
molekut o wzorze HsCs-N=N-CsH4-[CH2]»-SH (n = 3, 4). Ugrupowanie azobenzenowe (HsCe-
N=N-CeHj4) jest bardzo atrakcyjne z uwagi na swoje fotochromowe wtasciwosci, pozwalajace
na indukowane $wiatlem przetaczanie pomig¢dzy stanami cis i trans, dzigki czemu potencjat
aplikacyjny takich uktadow jest niezwykle szeroki. Jednakze dotychczas nie udato si¢ otrzymac
monowarstwy jednoczesnie opartej na azobenzenie i spelniajgcej aplikacyjne wymagania,
glownie z powodu zawady sterycznej, jaka uniemozliwia przetaczanie molekut w strukturach
o duzej gestosci upakowania. W celu rozwigzania problemu, grupa prof. Andreasa Terforta
zsyntezowata nowy typ molekul, w ktorych grupa azobenzenowa oddzielona jest od
powierzchni elastycznym tancuchem alifatycznym. Z kolei grupa Prof. Michaela Zharnikova
wraz z grupg dr hab. Piotra Cyganika, scharakteryzowata wtasciwosci monowarstw osadzonych
zarowno na Au(111), jak 1 Ag(111), wykorzystujac odpowiednio techniki HRXPS i NEXAFS
oraz STM, SIMS i eksperyment wymiany. Dzigki zastosowaniu HRXPS, NEXAFS i STM
okreslono gesto$¢ upakowania molekul na obu powierzchniach oraz ich przestrzenng
orientacje, co pozwolito w petni poznac¢ strukture monowarstwy SAM. Okazuje si¢, ze na
powierzchni Au(111) molekuly posiadajace 3 grupy metylowe w tancuchu alifatycznym
(Azo3) tworza gesciej upakowane i lepiej uporzadkowane monowarstwy w poréwnaniu do

molekul z 4 grupami metylowymi (Azo4). Zalezno$¢ ta, to nic innego jak efekt parzystosci
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Rysunek 5. Schematyczne przedstawienie efektu parzystosci w monowarstwach Azo-3 oraz Azo-4 na podtozach Au(111)
oraz Ag(111). Zaznaczono odpowiednie zmiany w wartosci kata odchylenia molekuty od normalnej do podtoza pomigdzy
molekutami parzystymi i nieparzystymi. Rysunek pochodzi z pracy [19].

szerzej omowiony przy opisie badan nad molekutami BPnS(Se). Podobienstwo jest wigksze
tym bardziej, ze molekuty Azo3 i Azo4 na powierzchni Ag(111) tworza monowarstwy
wykazujace efekt parzystosci o przeciwnej fazie wzgledem powierzchni zlota, czyli gesciej
upakowany 1 lepiej uporzadkowany jest uktad SAM zbudowany z molekut Azo4 w porownaniu
do Azo3 (rys. 9). Strukturalne réznice pomigdzy systemami SAM znajduja swoje
odzwierciedlenie w eksperymencie wymiany, ktory probkuje stabilno$¢ wigzania molekuty do
powierzchni, czyli wigzania Au(Ag)-S. Na podstawie eksperymentdéw wymiany
zaobserwowano zalezny od podloza efekt parzystosci w stabilno$ci wigzania molekut do
powierzchni, to znaczy pokazano, ze tatwiej jest przerwa¢ wigzanie molekuta-Au(111) w
monowarstwach Azo4 w porownaniu do Azo3, przy jednoczesnym silniejszym wigzaniu Azo4
do Ag(111) wzgledem stabszego wigzania Azo3 do Ag(111). Ostatnig technikg wykorzystang
do badan nad omawianymi azobenzenowymi monowarstwami byla spektrometria masowa
jondéw wtoérnych, ktéra jak pokazano wczedniej, jest zdolna wskazaé stabsze i silniejsze

wigzania chemiczne budujace czasteczke wchodzaca w sktad monowarstwy SAM. Badania
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Rysunek 6. Analiza danych SIMS pochodzacych z desorpcji monowarstw Azo-3 (niebieskie stupy) i Azo-4 (czerwone
stupy) uformowanych na powierzchniach odpowiednio Au(111) (po lewej) oraz Ag(111) (po prawej). Wykresy (a) i (b)
prezentuja znormalizowang emisj¢ jonow [M-S]*. Wykresy (¢) i (d) prezentuja znormalizowang emisj¢ jondw
odpowiednio [M2Au]" i [M2Ag]".

technikg SIMS rozpoczeto od analizy emisji klastra M2Au™ oraz fragmentu molekularnego
pozbawionego siarki ([M — S]*) z monowarstw na powierzchni ztota (rys. 10). W obu
wymienionych sygnatach, zdecydowanie wigksza intensywnos$cia wyr6zniajg si¢ jony
pochodzace z uktadow SAM zbudowanych z molekul Azo3. Detekcja jonu [M — S]* jest
bezposrednio zwigzana z przerwaniem wigzania S-C, ktorego mniejsza stabilno$¢ wynika z
wiekszej stabilno$ci wigzania Au-S 1 vice versa. Zatem wigksza intensywno$¢ molekularnego
sygnatu bez atomu siarki z monowarstw Azo3/Au(111) w poréwnaniu do Azo4/Au(111)
$wiadczy o silniejszym wigzaniu w monowarstwie nieparzystej wzgledem monowarstwy
parzystej. Wynik ten jest w petni zgodny z eksperymentem wymiany i demonstruje efekt
parzystosci, ktory jest rowniez widoczny w relatywnej intensywnos$ci emisji klastra M2AU".
Klastry typu molekuta-metal sa bardzo dobrze znane w analizie monowarstw SAM za pomoca
techniki SIMS i stanowig dowdd na istnienie uformowanego uktadu SAM. W przypadku klastra
M2AuU intensywnos¢ emisji jest okoto 4-krotnie wigksza z monowarstw Azo3 wzglgdem Azo4,
co mozna posrednio skorelowaé z wigkszg stabilno$cig wigzania Au-S i ponownie wskazaé

monowarstwe Azo3/Au(111) jako te, ktéra jest mocniej zwigzana z powierzchnia w

28



poréwnaniu do Azo4/Au(111). Zamiana powierzchni ze zlota na srebro powoduje, ze
wszystkie opisane wyzej relacje, tacznie z efektem parzysto$ci, odwracaja si¢. Dla
monowarstwy Azo4/Ag(111) zaobserwowano wigkszg intensywnos$¢ sygnatdéw M2AQ" oraz
[M - S]* w pordwnaniu do Azo3/Ag(111). Oznacza to, ze silniejszym wigzaniem do
powierzchni 1 jednocze$nie slabszym wigzaniem S-C charakteryzuje si¢ monowarstwa
Azo4/Ag(111) wzgledem Azo3/Ag(111), co jest w pelni zgodnie z eksperymentem wymiany i
pozostatymi danymi spektroskopowymi. Dane SIMS pozwolily jednoznacznie powigzac
stabilno$¢ monowarstwy z jej strukturg i dopehity charakteryzacji systemow Azo3 oraz Azo4

na obu typach powierzchni metalicznycht®,

4.4 Termiczny SIMS

Wzorujac si¢ na opisanych przez grupe Prof. Alfreda Benninghovena eksperymentach
temperaturowo programowalnej spektrometrii masowej jonéw wtérnych (TP-SIMS)P9,
wykonano pomiary stabilno$ci termicznej dla gruntowanie scharakteryzowanych i zbadanych
pod katem przewodnictwa 1 stabilno$ci, ukltadow naftalenotioli (NapS/Au(111)) i
naftalenoselenoli (NapSe/Au(111)). Probki ogrzewano od temperatury pokojowej do 725K z
liniowo narastajaca temperatura w tempie 3,75K/min. Sledzono ewolucje dwoch rodzajow
sygnalow w funkcji temperatury (rys. 11). Pierwszym z nich byt klaster molekuta-metal w
postaci M2AuU, ktory wykorzystano do analizy zmian stopnia pokrycia powierzchni molekutami
w trakcie procesu termicznej desorpcji. Drugi fragment majacy charakter nieorganiczny typu
AuxS(Se)y zostal wykorzystany do monitorowania zmian koncentracji atomu wigzacego
molekute do powierzchni w funkcji temperatury. Z przeprowadzonej analizy sygnatu M2Au
wynika, ze molekuly selenolowe desorbuja w procesie jednoetapowym ~w
temperaturze ~ 397 K, podczas gdy molekuty tiolowe desorbujg w procesie dwuetapowym z
dwoéch roznych faz. Z pierwszej fazy o wysokiej gestosci pokrycia powierzchni desorbuje ok.
60% molekut w temperaturze ~ 448 K, natomiast pozostate 40% desorbuje z fazy niskiego
pokrycia w temperaturze ~ 529 K. Korzystajac z formuty Redhead’al’”® oszacowano energieg
desorpcji, ktora dla naftalenoselenoli wynosi Ep ~ 1,20 eV przy Ep ~ 1,35 eV dla naftalenotioli
(faza wysokiej gestosci), co daje roznicg AEp ~ 0.15 eV. Poniewaz obie monowarstwy sg
swoimi analogami, maja podobng gestos¢ upakowania i strukture, mozemy powigzac t¢ roznice

w energii desorpcji ze stabilno$cig termiczng interfejsu molekuta-metal.
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Rysunek 7. Analiza danych SIMS. Wykres (a) prezentuje emisje¢ klastrow typu [M2z-Au]" znormalizowana do
intensywno$ci emisji w temperaturze pokojowej w funkcji temperatury mierzonej dla monowarstw NapS/Au(111)
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stopnia drugiego do danych pomiarowych, ktdre nastepnie zrozniczkowano i zaprezentowano na wykresie (b). Czerwong
i niebieskg linig zaznaczono zrézniczkowane wielomiany odpowiadajace danym z monowarstw odpowiednio

NapSe/Au(111) i NapS/Au(11l). Wyznaczono charakterystyczne temperatury desorpcji odpowiadajagce minimom
odpowiednich krzywych.

Dalszych informacji na temat stabilnosci termicznej tego interfejsu dostarczyta analiza
fragmentow nieorganicznych (rys. 12). Dla AuxSey zaobserwowano wzrost emisji w trakcie
desorpcji monowarstwy, co wskazuje na bardziej efektywne przerywanie wigzania Se-C, w
stosunku do wigzania Au-Se. W przypadku sygnatu AuxSy poziom emisji nie wykazywat
istotnych zmian w trakcie desorpcji monowarstwy, co oznacza bardziej zbalansowany proces
przerywania wigzan Au-S i S-C, a zatem mniejszg roznic¢ w stabilnosci S-C i Au-S. W ten
sposob pokazano, ze gtowng przyczyng mniejszej stabilnosci termicznej monowarstw NapSe
w poréwnaniu do NapS jest mniejsza stabilno$¢ wigzania Se-C w porownaniu do S-C. Oznacza
to, ze oszacowana powyzej roznica w energii desorpcji jest w gtownej mierze powigzana z
roznicg w stabilnosci Se-C i S-C, ktore sg najstabszymi wigzaniami na interfejsie molekuta-

metal.
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Rysunek 8. Analiza danych SIMS dla monowarstw NC-Nap(S)Se/Au(111). Wykresy (a), (b), (c) prezentuja emisje
klastrow odpowiednio AuS(Se), AuS(Se)2, AuxS(Se)” znormalizowana do intensywnos$ci emisji w temperaturze
pokojowej w funkcji temperatury mierzonej dla monowarstw NC-Nap)/Au(111) (niebieskie punkty) oraz NC-
NapSe/Au(111) (czerwone punkty).

Kolejnych informacji dostarczyta analiza sygnatu AuxS(Se)y w zakresie wysokich temperatur
tj. powyzej temperatury desorpcji monowarstwy (T ~ 600 K). W przypadku AuS
zaobserwowano gwattowny spadek sygnalu po zakonczeniu procesu desorpcji molekut,
natomiast sygnal AuSe pozostawat widoczny w catym zakresie badanych temperatur tj. do T =
725 K, co wskazuje na wigksza stabilno$¢ wigzania Au-Se w stosunku do Au-S i jest zgodne z
wczesniejszymi wnioskami jakie wyciagnieto z opisanej powyzej analizy proceséw oscylacji
stabilno$ci kolejnych wigzan na interfejsie molekuta-metal. Cala przedstawiong powyzej
analize SIMS uzupeliono dodatkowo pomiarami XPS, ktore byty przeprowadzone przez
innych cztonkéw zespotu naukowego, w celu potwierdzenia mniejszej stabilno$ci termiczne;j
monowarstw selenoli za pomocg innej techniki pomiarowej. Dodatkowo grupa teoretykoéw pod
kierunkiem prof. Egberta Zojera z politechniki w Grazu wykonata obliczenia DFT struktury
interfejsu  molekuta-metal w monowarstwach NapS(Se)/Au(111). Otrzymane rezultaty
wskazaty kilka mozliwych, chociaz réznych od siebie, modeli adsorpcji molekuty na
powierzchni ztota 1 nie byly w stanie jednoznacznie okresli¢, ktory z nich jest realizowany w
rzeczywistosci. Jednak dzigki danym SIMS, ktore ujawniaja wzajemne relacje energii wigzan
w interfejsie NapS(Se)/Au(111), odrzucono wigkszos¢ wynikéw i wybrano 2 modele adsorpcji
molekut, w ktorych wystepuja adatomy Au. Tylko w przypadku modelu z adatomami
obliczenia teoretyczne daty rezultaty zgodne z wynikami naszych prac doswiadczalnych i
ostatecznie zostaly wspoélnie opublikowane tworzac kompletny zestaw badan stabilnos$ci
termicznej™8l. W ten sposob pomiary SIMS po raz pierwszy pozwolity na okreslenie nie tylko
stabilno$ci interfejsu molekuta-metal ale takze na stworzenie modelu struktury tego interfejsu,
ktora jest wyjatkowo trudna do ustalenia zar6wno w badaniach eksperymentalnych jak i

symulacjach teoretycznych.
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5. Podsumowanie

Na niniejsza prace doktorska zatytulowang ,,Badania interfejsu molekuta-metal za pomoca
SIMS” sklada si¢ 5 opublikowanych prac. Pierwsze dwie pracel*>!®! dzigki zastosowaniu
techniki spektrometrii masowej jonow wtornych, opisuja nowo zbadane zjawisko oscylacji
energii kolejnych wigzan chemicznych w molekutach formujacych samoorganizujace si¢
monowarstwach molekularne. Jest ono konsekwencja przerwania symetrii translacyjnej
czasteczki 1 stanowi o bardziej ogdlnej zasadzie wystepujacej w chemii organicznej, co zostato
potwierdzone za pomocg obliczen teoretycznych przeprowadzonych przez wspotpracownikow.
Ponadto zaprezentowane badania ujawniaja, ze natura efektu oscylacji wigzan jest niezalezna
od podtoza na ktorym uformowano monowarstwe, cho¢ zbadane uktady jednoczes$nie wykazuja
strukturalny efekt parzystosci i jest on rowniez widoczny za pomoca techniki SIMS. W ramach
analizy efektu oscylacji mozna w szczegdlnosci porownac oraz wskazaé ktory z atomow grupy
czotowej (S badz Se) tworzy stabilniejsze wigzanie do powierzchni, co jak wspomniano w
rozdziale II, stanowilo ,,odwieczng” zagadke w porownaniach monowarstw tiolowych z
selenolowymi. Mozliwos¢ te wykorzystano w pracy trzeciej tego cyklul*l, w ktorej badano
monowarstwy SAM oparte na aromatycznym ugrupowaniu naftalenowym, ktére z uwagi na
swoje przewodnictwo sg bardzo obiecujagcym uktadem w konteksécie aplikacyjnym. W
eksperymencie wykonanym przez wspotpracownikdéw zmierzono czas, jaki potrzebuje elektron
na przetransferowanie si¢ przez catg molekule i wniknigcie do metalu. W obu przypadkach
(zar6wno monowarstw tiolowych, jak i1 selenolowych) otrzymano taki sam wynik. Z innych
eksperymentow wykonanych réwniez przez wspotpracownikow wynikato, ze monowarstwy
selenolowe s3 zdecydowanie mocniej zwigzane z powierzchnig w poréwnaniu do tiolowych
odpowiednikow, co nie pozwalato na wytlumaczenie identycznego przewodnictwa obu typow
molekut. Dopiero komparatywny eksperyment SIMS ujawnit, ze cho¢ selen faktycznie wigze
si¢ mocniej do powierzchni wzgledem siarki, to jednocze$nie wigze si¢ stabiej do wegla w
poréwnaniu do analogicznego wigzania siarki do wegla. Stad sumaryczny efekt jest taki sam,
co skutkuje identycznym czasem jaki potrzebuje elektron na transfer przez wigzania chemiczne
C-S-Au(111) oraz C-Se-Au(111). W pracy czwartej*®! ponownie wykorzystano mozliwosci
badania stabilnosci wigzan chemicznych na interfejsie molekuta-metal jakie stwarza technika
SIMS. Analizowano monowarstwy SAM oparte na ugrupowaniu azobenzenowym, ktorego
potencjat aplikacyjny wynika z mozliwo$ci fatwego przetgczania pomiedzy stanami cis i trans

za pomocg dtugosci $wiatta odpowiednio 320-350 nm (cis — trans) i 400-450 nm (trans —
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cis). Analiza danych SIMS ujawnita istnienie efektu parzystosci, ktory odwraca swoja fazg przy
zamianie podioza z Au(l111) na Ag(l111). Ponadto analiza intensywnos$ci emisji jonow
molekularnych pozwolita na wskazanie, ktory z ukladow SAM wigze si¢ mocniej do
powierzchni, a otrzymany wynik w petni koreluje si¢ z efektem parzystosci. W ostatniej, pigtej
pracyt*®l, zastosowano technike TP-SIMS w celu zbadania termicznej stabilnosci uktadow
SAM, ktore zostaly uprzednio gruntownie scharakteryzowane w pracy trzeciej. W
przeprowadzonym eksperymencie najpierw poréwnano stabilno$¢ termiczng obu monowarstw
1 wyznaczono zaréwno ich indywidualne energie desorpcji jak i réznicg. Na tym etapie
okreslono, ze wraz ze wzrostem temperatury uktadu najpierw desorbujg selenole, a nastepnie
tiole, co w pehli ilustruje wzgledng stabilnos¢ obu monowarstw SAM. Nastepnie
skoncentrowano si¢ na analizie siarki i selenu, ktére zostaja na powierzchni ztota po
odparowaniu cze$ci organicznej. Okazuje si¢, ze w wysokich temperaturach siarka catkowicie
odparowuje, podczas gdy selen zostaje na powierzchni ztota tworzac z nig stop. Eksperymenty
SIMS, poprzez okreslenie wzglgdnej stabilno$ci wigzan Au-Se, Au-S, C-S oraz C-Se
umozliwity porownanie réznych modeli adsorpcji monowarstwy uzyskanych z obliczen DFT i
wskazanie, ze jedynie modele adsorpcji, w ktorych molekuly z siarkg lub selenem wiaza sie do
podtoza poprzez adatomy zlota daja wyniki zgodne z eksperymentami SIMS. W ten sposob
wyniki SIMS nie tylko wsparty proponowany w ostatnich latach model adsorpcji tioli na
powierzchni ztotal®®* "4 poprzez udziat adatomoéw ztota, ale réwniez wskazaty po raz pierwszy,

ze identyczny model moze by¢ stosowany takze w przypadku selenoli.

Najprawdopodobniej spektrometria masowa jondw wtdrnych, z uwagi na swoja niezwykla
czutos¢, jest na chwile obecng jedyng technika, ktoéra pozwala na doswiadczalne 1 precyzyjne
Sledzenie zmian w energetyce mi¢dzyatomowych wigzan chemicznych w monowarstwach
SAM. Fakt ten moze wydawaé sie sprzeczny z intuicja, bioragc pod uwage, ze w
przeprowadzonych pomiarach wykorzystywany byl pocisk Bi* 0 energii 30 000 eV, a badanym
obiektem byla migkka materia organiczna, w ktorej bada si¢ wigzania o energii rzedu 1-4 eV.
By¢ moze jest to powdd, dla ktorego nikt wczesniej nie podjat si¢ tak wysublimowanej analizy
wigzan chemicznych 1 probowano w tym celu wykorzysta¢ inne metody badawcze. Jednakze
dotychczasowe badania usilujace probkowaé energi¢ potrzebng na zerwanie wigzania
chemicznego, nie byly zdolne do precyzyjnego wskazania, ktore z wigzan zostato przerwane.
Analiza danych SIMS jest w stanie dostarczy¢ informacji o stabilno$ci danego wigzania

chemicznego w odniesieniu do innego wigzania i to nie tylko w obrgbie jednego badanego
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uktadu, ale rowniez pomie¢dzy nimi. SIMS w uktadzie z mozliwoscig grzania analizowanej
probki staje si¢ unikatowym narzedziem pozwalajacym na okreslenie stabilnosci termicznej
oraz obliczenie energii desorpcji korzystajac z formuty Redhead’al”!. Dotychczasowo energie
desorpcji otrzymywano ze standardowej analizy w uktadzie TDS, jednak jak wspomniano w
rozdziale I, ta technika ma szereg ograniczen wynikajacych chociazby z szybko$ci zbierania
danych i zakresu analizowanych mas oraz sposobu jonizacji desorbowanych fragmentow
organicznych. W przypadku SIMSu wspomniane problemy nie wystepuja, gdyz w jednym
czasie analizowany jest caly zakres masowy (do tysiecy jednostek atomowych), natomiast
proces jonizacji, chociaz nie jest do konca poznany i kontrolowany, zachodzi w zupehie inny
sposob i inicjuje go uderzenie jonu w powierzchnig¢ probki. Warto takze podkreslic, ze SIMS
jest stosunkowo popularng technikg analityczng, co stwarza mozliwos¢ prowadzenia
analogicznych pomiaréw przez wiele innych grup na $wiecie zajmujacych si¢ badaniami

nanostruktur zarowno na poziomie podstawowym jak i technologicznym.

O sukcesie przedstawionych badan, w duzym stopniu zadecydowato odpowiednie dobranie
molekul tworzacych monowarstwe SAM i r6znigcych si¢ od siebie jedynie grupa wigzaca, czyli
atomem siarki badZ selenu. Jednak chemiczne podobienstwo czasteczek stanowito jedynie
pierwszy etap, bowiem analizujac dotychczasowe prace jest to warunek konieczny, ale nie
wystarczajagcy do pordéwnania ze sobg uformowanych z tychze molekul monowarstw.
Kluczowa kwestig w badaniach pord6wnawczych stabilno$ci interfejsu molekuta-metal okazato
si¢ zestawienie ze sobg monowarstw, ktore majg praktycznie takg samg strukturg i gestos¢
upakowania. Dzigki temu wszystkie eksperymentalnie zaobserwowane réznice majg swoje
zrodlo w interfejsie molekuta-metal i wynikajg z réznicy pomigdzy siarkg i selenem. Ponadto
bezposrednie zestawienie ze sobg monowarstw zbudowanych z dwoch szeregow
homologicznych molekut pozwala na duzo szersza analize poréwnawcza ukladow SAM,
anizeli pojedynczych uktadow. Nalezy podkresli¢ ten fakt, bowiem bez tak szerokich badan nie
udatoby si¢ zaobserwowac oscylacyjnego efektu w energiach wigzan chemicznych, ktory

stanowi punkt wyj$cia niniejszej pracy doktorskiej.

Reasumujac, z pracy doktorskiej ptyng dwa typy wnioskow. Po pierwsze, SIMS jest technika
zdolng do analizy wigzan chemicznych na interfejsie molekuta-metal w samoorganizujacych
si¢ monowarstwach molekularnych. Ponadto metoda ta jest czuta na strukturalny efekt
parzystosci w monowarstwach SAM. Z kolei kombinacja TP i SIMS jest w stanie skutecznie
Sledzi¢ ewolucje monowarstwy SAM w funkcji temperatury 1 tym samym okresli¢ jej termiczng

stabilno$¢, a z danych eksperymentalnych, przy uzyciu réwnania Redhead’al’”®, mozna
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wyliczy¢ energie desorpcji badanego uktadu. Po drugie, zwigzanie si¢ molekuty z podtozem
powoduje zaburzenie rownowagi energetycznej wigzan chemicznych w czasteczce, ktoére
objawia si¢ wystapieniem oscylacyjnego efektu zmiany energii naprzemiennie wystepujacych
po sobie tychze wigzan. Analizujac ten efekt, mozna oszacowa¢ wzgledna stabilno$¢ badanych
wigzan, w tym w szczegolnosci wigzanie molekuly do powierzchni. Jednak, co pokazatly
badania, nie mozna na podstawie tylko jednego wigzania wnioskowac o wtasciwosciach uktadu
molekuta-metal w kontekscie przewodnictwa elektronowego, wbrew temu co dotychczas

sadzono.
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Oscillations in the Stability of Consecutive Chemical Bonds Revealed

by Ion-Induced Desorption™**
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Andreas Terfort, and Piotr Cyganik*

Abstract: While it is a common concept in chemistry that
strengthening of one bond results in weakening of the adjacent
ones, no results have been published on if and how this effect
protrudes further into the molecular backbone. By binding
molecules to a surface in the form of a self-assembled
monolayer, the strength of a primary bond can be selectively
altered. Herein, we report that by using secondary-ion mass
spectrometry, we are able to detect for the first time positional
oscillations in the stability of consecutive bonds along the
adsorbed molecule, with the amplitudes diminishing with
increasing distance from the molecule-metal interface. To
explain these observations, we have performed molecular
dynamics simulations and DFT calculations. These show that
the oscillation effects in chemical-bond stability have a very
general nature and break the translational symmetry in
molecules.

Self-assembled monolayers (SAMs)["! are a nanotechnolog-
ical system, in which molecules are chemically bonded to
a substrate in an ordered and oriented fashion. The influence
of the strength of the molecule-substrate bond on the
structure and stability of SAMs is still poorly understood
even for the most simple system of methanethiol on Au-
(111).”) As it is known from other fields of chemistry, the
formation of a strong bond (in this case to the surface) should
lead to a weakening of the adjacent bonds within the
molecules. Thus, it would be interesting from a very basic
point of view as well as technologically relevant to determine
these influences.

We decided to take a new approach by exploiting static
secondary-ion mass spectrometry (SSIMS) in combination
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with the molecular dynamics (MD) simulation of such
experiments and density functional theory (DFT) calcula-
tions. As model SAMs we have selected two homologous
series of the general form CH;-(CsH,),-(CH,),-S(Se)/Au-
(111), (BPnS(Se), n=1-6), for which either sulfur atoms or
selenium atoms (BPnSe) act as a binding groups to the
Au(111) substrate. Previous microscopict®™! and spectroscop-
i studies demonstrated that the BPaS(Se)/Au(111) pack-
ing structure, unlike other SAMs, remains virtually the same
for the S and Se analogues within both series. This means that
intermolecular interactions in these SAMs are identical when
comparing the respective members of both families and thus
the only source of difference in stability between them is the
binding atom (S vs. Se). Analysis of such SAMs gives a direct
way to trace molecule—substrate interface energetics.
Positive and negative SSIMS mass spectra are presented
in Figure S1 in the Supporting Information. The most
interesting information is found in the positive mass spectra
where a significant emission of secondary ions related to the
complete molecule Mg " and its desulfurized ([M—S]*) or
deselenized ([M—Se]") fragments, respectively, is observed.
Interestingly, the Mg" emission is much higher than the M.",
while the emission of [M—S]" is much lower than the that of
[M—Se]" (see Figure S2). Since emission of an Mg * ion
requires Au—S(Se) bond scission, we can correlate a stronger
M;" signal with a lower stability of the Au—S bond compared
to the Au—Se bond, in line with previous exchange experi-
ments.'”! Following this argumentation, we can correlate the
reduced emission of [M—S]" compared to [M—Se]" with
a higher stability of the S—C bond than the Se—C bond in
these SAMs. Such behavior could be explained considering
that the valence electrons of the S (or Se) atom are involved in
bonding with the Au substrate atom and with its neighboring
C atom. The increased involvement of valence electrons of
the S(Se) atom in one of these chemical bonds should result in
lower involvement of these electrons in the second bond,
consequently reducing the stability of the second bond. We
may ask if modifying the strength of the bond to the substrate
by an S—Se substitution will influence additional chemical
bonds in its vicinity. To answer this question, we have
calculated the intensity ratio of the signals of identical ions
ejected from BPnS/Au(111) and BPnSe/Au(111) SAMs (n=
2-4). These ions were generated by the scission of one of four
consecutive chemical bonds along the molecular chain,
starting from the headgroup atom (Figure 1a). The resulting
data (Figures 1b-d) show a very clear positional oscillation
which decreases with increasing distance from the metal-
molecule interface. Following previous argumentation the
substitution of the S atom by the more strongly bound Se
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Figure 1. SSIMS data analysis. a) the location of the four probed,
consecutive chemical bonds. Emission of M*, [M—S(Se)]",
[M—CH,S(Se)]", and [M—CH,CH,S(Se)]" secondary ions corresponds
to scission of bond |, II, IIl, and 1V, respectively. b—d) the relative
intensities of the positive ions emitted from BPnS/Au(111) and
BPnSe/Au(111) SAMs (for n=2 (b), n=3 (c) and n=4 (d)) corre-
sponding to the scission of indicated bonds.

atom leads to a shift of valence electrons from the neighbor-
ing Se-C' bond towards the Au—Se bond reducing the
stability of the Se—C' bond. The decrease in the Se—C' bond
stability results, in turn, in a shift of the valence electrons of
the C' atom towards the C* atom leading to an increased
strength of the C'-C? bond, and so on. As a consequence, we
propose that: 1) increase of stability of the headgroup atom
bonding to the substrate by changing from S—Se induces
a chain of alternating modifications of the stability of the
neighboring chemical bonds in the molecule, and 2) the
disturbances introduced into electronic structure of the
aliphatic chain by chemical bonding to the substrate by the
headgroup atom diminish at larger distances from the
molecule—substrate interface because the dislocation of the
valence electrons becomes less and less.

Our analysis indicates an alternating change of the bond
stability on comparison of the respective data from the thiol
and selenol series. We may ask if a similar effect can be
observed within each of these homologous series separately
and how these changes are related to each other? As shown in
Figure 2 a—c a significant odd-even variation (with respect to
the number n within each series) exists for the emission of
[CsHis]!, [CHys]", and [C\¢Hy;]* fragments from the
BPnS(Se)/Au(111) SAMs. To desorb for instance a [CsHs]*
fragment from BPnS(Se)/Au(111) SAMs with an increasing
number # along the homologous series, consecutive chemical
bonds have to be cleaved (Figure 2a). Thus, for n=1 the
S(Se)—C' bond has to be cleaved, for n =2 the C'-C? bond,
and so on. The data shown in Figure 2 a deliver several crucial
pieces of information. First, considering our proposition that
the relative signal of identical ions ejected from BPnS/
Au(111) and BPnSe/Au(111) SAMs is proportional to the
strength of the bond that needs to be broken, the odd-even
oscillation in Figure 2a indicates alternating changes in the
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Figure 2. SSIMS data analysis. a) the normalized signal of the [CysH1s]"
emission for BPnS/Au(111) (blue bars) and BPnSe/Au(111) (red bars).
b) the respective data for the [C,,H;5]" emission and c) for the
[CisHy;]" emission. The white boxes in the schemes on the left side of
panels (a)—(c) show which part of the individual molecules corre-
sponds to the given type of secondary ion, also indicating the location
of the scission resulting in its emission. Note that the phase of this
odd-even effect depends on the length of the analyzed fragment and,
therefore, this odd—even effect is not a consequence of the established
odd-even'>? variation in the film density of these SAMs. d) Summary
of the SSIMS results: i) The higher bond energy of Se-Au than S-Au
and ii) the resulting oscillations in the bond energies of the consec-
utive bonds along the molecular backbone. The effect diminishes with
increasing distance from the molecule—substrate interface, but gener-
ally shows a higher amplitude for the selenium-based SAMs.
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stability of consecutive chemical bonds along the molecule in
the direction away from the molecule-substrate interface
towards the biphenyl group. Second, this bond-stability
oscillation effect has the same phase for BPnS/Au(111) and
BPnSe/Au(111) SAMs with, however, much higher modula-
tion amplitude for the Se system. Third, the amplitude of
these oscillations quickly diminishes with increasing distance
from the molecule-substrate interface. All these observations
are fully consistent with the data shown in Figure 1. Following
our simple qualitative explanation, more pronounced oscil-
lations are expected for BPnSe/Au(111) as compared to
BPnS/Au(111) SAMs owing to a stronger bonding of the Se
system to the Au(111) substrate. These conclusions are
supported by analogous data shown in Figure 2b, where the
strong signal of the [C,Hy;]" fragment is analyzed. This
fragment is shorter by one CH, group than the [C;sH;s]"
fragment therefore we need to shift our analysis by one
chemical bond away from the molecule-substrate interface.
As a result, the amplitude of the oscillations is reduced
because of the greater distance from the molecule-substrate
interface and, more importantly, the phase of the odd-even
effect is reversed. A similar trend is also present in the
somewhat weaker signal of the [C¢Hy;]* fragment which can
only be emitted for n=3-6. In this case, we need to shift the
analysis by one chemical bond in the direction of the
molecule—substrate interface as compared to the analysis for
the [CisH;s]* fragment. As expected, data shown in Figure 2¢
fully confirm such a scenario for both BPnS/Au(111) and
BPnSe/Au(111) SAMs: a stronger odd-even effect and
areversal of the phase can be observed. Again, the magnitude
of the odd—even oscillation is higher for the BPnSe/Au(111)
SAMs and diminishes in both cases with increasing number 7.
Note that the phase of this odd-even effect depends on the
length of the analyzed fragment and, therefore, this odd—even
effect is not a consequence of the known odd-even®?
variation in the film density of these SAMs.

We believe that the above SSIMS measurements reveal
for the first time the oscillation of bond stability along the
molecule backbone as shown schematically in Figure 2d. It is
worth mentioning that such a modulation of bond energy
cannot only be attained by changing the anchoring atom (S—
Se), but also the substrate (Au—Ag), which results in very
similar observations (data will be published elsewhere).
However, in all cases our hypothesis postulates that the
emission efficiency of a given molecular secondary ion is
correlated with the stability of the respective chemical bond
that has to be cleaved to enable emission of this ion. The
justification of such a correlation is discussed in detail in the
Supporting Information. In short, two issues must be consid-
ered: the desorption and the ionization mechanism. Two
distinct desorption mechanisms leading to the emission of
neutral molecular fragments were identified by previous
studies on collision-cascade and chemical-reaction based
processes.''"'! Whereas the chemical reaction mechanism
quite naturally explains the high sensitivity of emission
towards the stability of the respective cleaved bond, such
sensitivity for the energetic collision-cascade based emission
is not obvious. To address this issue we have performed
simulations of BP3S/Au(111) sputtering induced by 8 keV Bi
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atoms using MD simulations. To probe possible influences of
the Au—S and S—C bond stability on the efficiency of the
sputtering process, two sets of MD simulations have been
performed (Figures 3 and S3). The first set of calculations was
performed on a BP3S/Au(111) system having non-modified
Au—S and S—C bond strength, while the second set of
simulations was performed on a system, where the Au—S
bond strength was increased by 10% and the S—C bond
strength was reduced by 10 %. The data presented in Figure 3

— 200, [M-S]
&
S
3 150-
o]
2 30 100
i7)
(=
g 50/
=

0- 0-

Figure 3. Analysis of MD simulations for the sputtering of BP3S/
Au(111) SAMs with 8 keV Bi projectiles. a) the impact of a single Bi*
projectile on a BP3S/Au(111) SAM. b),c) the emission of the complete
molecule (M) and desulfurized fragment (M—S) resulting from a com-
pilation of 1100 impact events: blue bars correspond to the emission
from native BP3S/Au(111) system and red bars corresponds to

a modified BP3S/Au(111) system, in which the Au—S bond strength
was increased by 10% and the S—C bond strength was decreased by
10%. Full mass spectra calculated for both systems are shown in
Figure S3.

show that even such a small modification of bond strengths
results in a 40% reduction in [M]* emission (scission of the
Au—S bond) and an almost 100% increased emission of
[M—S]* fragments (scission of the S—C bond). These results
are consistent with our SSIMS data in Figure S2 and confirm
that small changes in the stability of the chemical bonds can
strongly affect the collision-cascade based emission. We can,
therefore, conclude that both, desorption of molecular frag-
ments by ion-induced chemical reactions or by simple
collision-cascade mechanisms, are correlated with the stabil-
ity of the respective bonds, which become cleaved during the
desorption process. But can this trend be altered by the
ionization process? As detailed in the Supporting Informa-
tion, this presumably is not the case. Generally, experiments

Angew. Chem. Int. Ed. 2015, 54, 1336 1340


http://www.angewandte.org

analyzing emission of neutral fragments!'>'Y and the DFT
calculations for these SAMs!™™! with the possible ionization
process by electron transfer' or by excited precursor
fragmentation!'® show that the ionization process does not
influence significantly the correlation between desorption
process and stability of a cleaved chemical bond.

To understand if an alternating strengthening and weak-
ening of several consecutive bonds can in fact be the result of
a change at a terminal bond, we have performed DFT
calculations. First, binding energies of chemical bonds within
an individual BP3S molecule adsorbed on the Au(111) surface
were analyzed. The results are shown in Figure 4 a exhibiting

a) 369 i BP3S/Au(111)
D08 l 2.81
l 1.92 l
—SiCHz—CHZ—CH;—'CH3
o) 410 BP3SH
l 2.90 l 2.191
H—SlCHz—CHZ—CHZ—'CH3
C) 33 340 4o BP3SeH
l 256 1—32
H—Se£CH2—CH2—CH;—'CH3
d) HS-(CH,);p-CH,
B5) 3.62

354 349 355 356 355 355 355 356 354 l

LI

HY- S CHy- CHy~CHy—CH5—CHy—CHy—CHy—CH; ~CHy—CHy —CH,

HSe-(CH,);-CH,
3.62

reLITTTILLT]

H—Se—CHz— CH;—CH5—CHz—CHz—CH;—CH;—CHz—CH;—CH5;—CH,

e)

Figure 4. Summary of the DFT calculation results for individual bond
energies (in [eV]) for a) the BP3S/Au(111) monolayer, b) free BP3SH

molecule, c) free BP3SeH molecule, d) free HS-(CH,),o-CH; molecule,
and e) free HSe-(CH,),,-CH; molecule.

clear oscillation in the binding energy of consecutive chemical
bonds. Comparing the phase of the observed oscillations with
the SSIMS experiments shown in Figure 2, we conclude that
a higher emission of a given secondary ion is indeed
correlated with a lower binding energy of the respective
chemical bond that has to be cleaved. As a next step,
calculations for unbound BP3SH and BP3SeH molecules
were performed (Figure 4b,c) exhibiting an oscillation in the
binding energy of consecutive bonds with the same phase as
for the Au(111) surface bonded molecule. Moreover the
amplitude of these oscillations is clearly higher for the Se
based molecule. To separate the influence of the biphenyl
group on the observed oscillations, the bond strengths in long
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alkanethiol and alkaneselenol molecules were calculated
(Figure 4d,e). These data show a quickly diminishing oscil-
lation in binding energies with increasing distance from the
SH/SeH terminus, again with higher amplitude for the SeH
case. Altogether, these calculations clearly indicate that the
observed effect of the bond stability oscillation is not
exclusively related to the molecule-substrate interface but
has a much more general character in chemistry. In this case,
the substitution of a methylene group (C—C bond energy
3.55eV) by a sulfur or selenium atom (C—S and C—Se bond
energy 2.92 and 2.58 eV, respectively) results in breaking the
translational symmetry in the aliphatic chain by modifying the
energy of the next three consecutive C—C bonds with
a decreasing oscillating strength, finally recovering the
‘normal’ value of 3.55eV. For BP3SH molecules this effect
is significantly amplified since the other end of the short
aliphatic chain is attached to a biphenyl group with a much
stronger C*—C* bond (4.1 eV) which itself causes similar
oscillations amplifying this effect in comparison to long
alkanethiols.

In conclusion, our experiments and calculations show that
by using the SSIMS technique we can not only trace the
changes in the binding stability of SAMs, but, more impor-
tantly, analyze subtle variations in the molecule’s internal
energetics. With this approach, we could find positional
oscillations in bond energy, that are not only related to the
molecule—substrate interface, but have a general character in
chemistry related to breaking translational symmetry in
molecules. Although chemically quite intuitive, it is very
surprising that this effect has neither been described nor
considered before in the literature. It is reasonable to assume
that these effects became blurred in the more traditional
techniques, such as thermal or electrochemical desorption,
owing to the comparably slow ramping of the global energies
(temperature or potential, respectively). This slow ramping
permits a reconstruction of molecule-substrate interface
which affects the bond-cleavage processes. To detect the
effect of the binding energies directly, the exploitation of the
pico-second time scale of the desorption processes within the
SSIMS technique was essential.
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ABSTRACT Selenolate is considered as an alternative to thiolate to serve
as a headgroup mediating the formation of self-assembled monolayers (SAMs)

on coinage metal substrates. There are, however, ongoing vivid discussions e ‘r/x e ?}»\T
regarding the advantages and disadvantages of these anchor groups, Charge /A,T/’ /r\,T/n
regarding, in particular, the energetics of the headgroup—substrate interface transfer T e
and their efficiency in terms of charge transport/transfer. Here we introduce a Se S

Au (111)

well-defined model system of 6-cyanonaphthalene-2-thiolate and -selenolate Au (111)
SAMs on Au(111) to resolve these controversies. The exact structural arrange-

ments in both types of SAMs are somewhat different, suggesting a better SAM-building ability in the case of selenolates. At the same time, both types of
SAMs have similar packing densities and molecular orientations. This permitted reliable competitive exchange and ion-beam-induced desorption
experiments which provided unequivocal evidence for a stronger bonding of selenolates to the substrate as compared to the thiolates. Regardless of this
difference, the dynamic charge transfer properties of the thiolate- and selenolate-based adsorbates were found to be nearly identical, as determined by the

core—hole—dock approach, which is explained by a redistribution of electron density along the molecular framework, compensating the difference in the

substrate—headgroup bond strength.

KEYWORDS: selenolate - self-assembly - self-assembled monolayers - charge transfer - bond strength - metal surfaces

an indispensable playground of surface

science and physical chemistry of inter-
faces as well as an important element of
modern nanotechnology.' ~* Numerous ap-
plications of these systems rely on the
flexible molecular design of their constitu-
ents involving, in its turn, a suitable combi-
nation of characteristic building blocks,
such as a tail group, molecular backbone,
and headgroup. Among different kinds of
SAMs, monolayers of thiols and disulfides
on coinage metal substrates are probably
the most frequently used ones because of
their robustness, ease of preparation, and
reasonable stability.>* The thiolate head-
group emerging upon adsorption of thiols
and disulfides provides sufficiently strong
but flexible anchoring to the substrate,
enabling efficient lateral diffusion of the
adsorbed molecules to form highly ordered
2D assemblies. A noticeably stronger, covalent-
like binding can result in the inhibition of

Self—assembled monolayers (SAMs) are

OSSOWSKI ET AL.

the lateral mobility and poor structural
perfection as it, for example, happens in
siloxane-based SAMs on SiO,, whereas a
weaker anchoring is associated with a lim-
ited stability.”

Along with the strength of the head-
group—substrate bond, the corrugation of
the binding energy surface for the given
headgroup/substrate combination, that s, a
two-dimensional energetic landscape of
the substrate seen by the headgroups, is
of importance.” In case of a strong corruga-
tion, as occurs for thiolate-based SAMs on
Au(111),"*78 the molecular lattice be-
comes pinned to the structural template
provided by the substrate, which can result
in reduced packing density’*~8 and/or in
limited structural perfection if the opti-
mal molecular arrangement does not fit the
substrate structure. In contrast, a weak cor-
rugation of the binding energy surface al-
lows formation of optimal molecular lattices,
mediated, to a significant extent, by the
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backbone—backbone interactions as this happens in
alkanethiolate SAMs on Ag(111)."*'*"> A further param-
eter associated with a particular headgroup—substrate
combination is the bending potential which enters the
balance of structural forces, affecting the packing
density and molecular orientation.'®'°

Apart from the structural effects, charge transport
properties of molecular anchors are important because
they define the electronic coupling of the SAM con-
stituents to the (conductive) substrate. A good cou-
pling is favorable for applications in molecular and
organic electronics.’®?" In the former case, this guar-
antees an efficient and rapid charge transfer between
the functional molecule and the bottom electrode. In
the latter case, this improves the conductivity of the
buffer SAM film, improving the overall device perfor-
mance. In addition, the docking chemistry at the
substrate side of the SAM affects the level alignment
at the metal—organic interface.??

In view of the above aspects, optimization of the
headgroup seems to be a promising way to tune the
structural and electronic properties of SAMs. Among
other options, the use of elements with the same
valence electron configurations as sulfur, such as its
homologues in the 16th group of the periodic table,
seems to be a reasonable choice for SAMs on coinage
metal substrates. Accordingly, the suitable candidates
are selenium and tellurium, with a clear preference for
the former element in view of the limited stability of
tellurium-based monolayers.”® Along these lines, a
variety of aliphatic and aromatic SAMs with the selenol
headgroup have been prepared on Au(111) and Ag(111)
substrates and studied to different extents.'®?*~*> The
quality of these SAMs was in most cases comparable or
even superior to that of the monolayers prepared from
the thiol analogues. The latter was particularly the case for
the aromatic SAMs on Au(111), including those with the
phenyl, biphenyl, and anthracene backbone3>3740~4244
For these monolayers, a significant improvement of the
quality in terms of the structural perfection, domain
size, and long-range order was observed. This was
explained by the ability of the selenolates to adjust
the surface lattice of the substrate to the most
favorable 2D arrangement of the SAM-building
molecules®>*%4 or, alternatively, by a smaller corruga-
tion of the binding energy surface for selenolates on
Au(111) as compared to that for thiolates. 37414044

In spite of the general agreement regarding the
quality improvement upon the use of selenium instead
of sulfur as the headgroup, there is still a controversy
regarding the strength of the headgroup—substrate
bond for the thiol-based and selenol-based SAMs
on Au(111). The selenium—gold bond was considered
as both stronger®>?7283546 and weaker***’ than the
sulfur—gold one. These controversial conclusions were
derived on the basis of different experiments, using
different test systems which were characterized to a

OSSOWSKI ET AL.
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Figure 1. Molecules used in this study along with their
acronyms. During the formation of the monolayers, the
proton and the acetyl group, respectively, become cleaved
off, so that the adsorbed molecules can be assigned as
NC-Nap$S and NC-NapSe.

limited extent only or/and were not equivalent. In
particular, the conclusion regarding the comparably
weaker selenium—gold bond was based on the results
of thermal desorption spectroscopy experiments on
benzenethiolate and benzeneselenolate SAMs which
have rather different packing densities and quality.>” A
further controversial point is the conductance of the
selenium—gold bond. According to some reports,
thiolate-based molecules have a lower barrier to tun-
neling and therefore a higher conductance than their
selenolate-based analogues.*” At the same time, ac-
cording to other reports, the electronic conductance of
selenium-based aromatic molecules is comparable to
that of their sulfur analogues.?? Finally, there are
several studies which claim that the charge injection
barrier is lower for the gold—selenium bond than for
the gold—sulfur bond,*® and the electronic conduc-
tance of selenium-based molecules is significantly
higher than that of their sulfur analogues.**>' The
above discrepancies can be related to differences in
the test systems used for the respective experimental
studies and theoretical simulations (e.g., aliphatic*’ or
aromatic*®*° ones) but also to certain limitations of the
standard experimental approaches used to measure
conductance in molecular assemblies. These limita-
tions include an uncertainty regarding the number of
molecules involved in the charge transport and quality
of the top contact, that is, the electrical contact to the
tail group of the molecules (the bottom contact is
mediated by the headgroup and provided usually by
the metal substrate).

In the present work, we try to clarify the above-
mentioned controversies using model systems based
on 6-cyanonaphthalene-2-thiolate and -selenolate
(NC-NapS and NC-NapSe, respectively; see Figure 1
for the starting materials) immobilized on Au(111) as
SAMs. Both systems were characterized extensively
by a combination of complementary spectroscopic
and microscopic techniques, demonstrating the high
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quality of the monolayers and providing a reliable basis
for further dedicated experiments. Of particular im-
portance were comparable packing densities and
molecular orientations in both studied systems, which,
in our opinion, are indispensable prerequisites for
reliable comparison of these systems regarding bond
strength and transport properties. The issue of the
bond strength was addressed by exchange experi-
ments and static secondary ion mass spectroscopy
(S-SIMS). The question of the charge transport proper-
ties was pursued by resonant Auger electron spectroscopy
(RAES) within the core—hole—clock (CHC) approach.
This contact-free method allows monitoring of charge
transfer (CT) dynamics on the femtosecond time scale
following a resonant excitation of a core-level electron
at a specific functional group to a bound state above
the Fermi level of the substrate.>>~>> Such a dynamic is
an important phenomenon on its own but is also a
numerical fingerprint for the electrical transport prop-
erties of a particular molecule adsorbed on the solid
support, relying on the inverse relation between the
characteristic CT time and the current in a molecular
junction. Significantly, the use of the CHC approach
solves the problem of the top contact, along with the
controversy regarding the amount of involved moi-
eties since the results are representative of individual
molecules. As a suitable functional group, serving as
starting point of CT through the molecular framework
to the substrate, the nitrile group (—C=N) was utilized,
following the positive experience of our previous
studies.’® > This was the major reason to use nitrile-
substituted naphthalenes instead of nonsubstituted
ones. A further reason was a presumed positive impact
of the nitrile group on the long-range order in the
monolayers. According to the literature, the order in
the SAMs of nonsubstituted naphthalene-2-thiol is
either poor®® or only local.5"%? Finally, following a re-
cently developed approach,%*%* the nitrile group
served as a suitable spectroscopic marker to unam-
biguously determine molecular orientation in the sys-
tems studied.

RESULTS AND DISCUSSION

General Comments. The NC-NapS and NC-NapSe films
were prepared at room (RT) and elevated (60 °C)
temperature. All experiments were performed on the
samples prepared at 60 °C because of their superior
quality, as will be shown in the next section. The
structure and molecular organization in the films were
studied by scanning tunneling microscopy (STM), high-
resolution X-ray photoelectron spectroscopy (HRXPS),
ellipsometry, infrared reflection absorption spectros-
copy (IRRAS), and angle-resolved near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy.
Specific questions were addressed by RAES, S-SIMS,
and dedicated exchange experiments as described in
the previous section.

OSSOWSKI ET AL.
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Figure 2. STM images taken with different resolutions for
the NC-Nap$S SAMs on Au(111) prepared at room tempera-
ture (a) and at 60 °C (b—d). Height profiles A and B are
taken along the lines depicted in (d); the profiles with
the vertical scale included are presented in Figure S5a in
the Supporting Information. The red box in (d) marks the
oblique (2v/3 x +/37) unit cell schematically presented in
(e). In (f), the 2D herringbone arrangement of the naphtha-
lene molecules within the (001) plane of the naphthalene
single crystal is shown, along with the respective rectangu-
lar unit cell (in yellow). A similar structural motif can be
found in the STM images of the NC-NapS SAMs, as shown by
the yellow rectangle in (e). The dimensions of this motif, as
determined by STM, are presented in (g) for direct compar-
ison with (f).

Scanning Tunneling Microscopy. Representative STM
data obtained for the NC-NapS SAMs are presented
in Figure 2. The images in Figure 2a,b, obtained from
large areas, allow comparison of the overall morphol-
ogy of the samples prepared at RT and 60 °C. In
contrast to the rough and very defective surface
observed for the sample prepared at RT (Figure 2a),
the samples prepared at the elevated temperature
show a distinct molecular structure with domains
in the range of ~20—40 nm (Figure 2b). At higher
resolutions, these well-ordered domains exhibit a char-
acteristic stripe pattern strictly following the (112)
high-symmetry directions of the underlying Au(111)
substrate (Figure 2c). The representative molecular
resolution image shown in Figure 2d reveals that the
NC-NapS SAMs form a high-density structure with a
comparably large unit cell. The average dimensions of
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this unit cell are a = 1.03 + 0.04 nm and b =178 +
0.05 nm, as determined from the appropriate height
profiles A and B in Figure 2d. Such a unit cell can be
described as an oblique (2+/3 x +/37) structure, which
is commensurate with the Au(111) substrate and has
cell vectors of 1.00 and 1.75 nm length, respectively.
With six molecules per unit cell, the molecular footprint
for this structure amounts to 0.239 nm?. A schematic
cartoon with the possible herringbone arrangement of
the NC-NapS molecules in this structure is shown in
Figure 2e (for the sake of clarity, individual molecules
are either presented as a phenyl ring or as a gray or
black circle).

The above 2D arrangement can be compared with
the crystal structure of the parent compound, naphtha-
lene. It is well-known that naphthalene crystallizes in a
monoclinic lattice with layered structure.®® Figure 2f
shows schematically the arrangement of molecules
within the layers that correspond to the (001) planes.
The naphthalene molecules adopt a herringbone
structure with a rectangular unit cell (yellow rectangle),
the shorter side of which is 0.595 nm, while its diagonal
equals 1.11 nm. A similar rectangle can also be fitted
into the motif of the oblique (2+/3 x +/37) structure
shown in Figure 2e, with the dimensions of the shorter
side and diagonal equal to 0.584 and 0.998 nm, re-
spectively (see Figure 2g). This comparison proposes
that the arrangement of NC-NapS molecules on the
Au(111) surface within the (24/3 x +/37) lattice has a
certain similarity to the packing motif along the (001)
plane in crystalline naphthalene.

A compilation of analogous STM data collected for
the NC-NapSe monolayers on the Au(111) substrate
is presented in Figure 3. As in the NC-NapS case,
NC-NapSe SAMs prepared at RT are defective and
unordered (Figure 3a), while the preparation at 60 °C
results in extended ordered structures (Figure 3b). At
higher resolution, these SAMs reveal well-defined do-
mains, which, at first sight, have a similarly striped
structure and similar dimensions (20—40 nm, Figure 3c)
as those in the NC-NapS monolayers obtained as 60 °C
(Figure 2c). However, in the NC-NapSe case, the stripes
run along the (110) high-symmetry directions of the
Au(111) substrate, in contrast to the (112) directions
observed for the NC-NapS SAMs. A representative
molecular resolution image shown in Figure 3d reveals
that the NC-NapSe monolayers form a densely packed
structure with a comparably small, rectangular unit cell.
The average dimensions of this unit cell, a = 0.61 +
0.03 nm and b = 0.75 £ 0.05 nm, marked in the char-
acteristic cross sections A and B in Figure 3d, are very
close to the rectangular (2 x 1.54/3) structure of the
nonreconstructed substrate, with cell dimensions of
0.58 nm x 0.75 nm, corresponding to a molecular
footprint of 0.215 nm? (~11% less than the value
for NC-NapS/Au). Thus, presumably, the structure
of the NC-NapSe monolayer mimics that of the

OSSOWSKI ET AL.
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Figure 3. STM images taken with different resolutions for
the NC-NapSe SAMs on Au(111) prepared at room tempera-
ture (a) and at 60 °C (b—d). Height profiles A and B are
taken along the lines depicted in (d); the profiles with the
vertical scale included are presented in Figure S5b in
the Supporting Information. The red box in (d) marks the
rectangular (2 x 1.5v/3) unit cell schematically presented in
(e). In (f), 2D herringbone arrangement of naphthalene
molecules within the (001) plane of the naphthalene single
crystal is shown, along with the respective rectangular unit
cell (in yellow). A similar structural motif can be found in the
STM images of the NC-NapSe SAMs, as shown by the yellow
rectangle in (e). The dimensions of this motif, as determined
by STM, are presented in (g) for direct comparison with (f).

nonreconstructed substrate, even though the basic
(2 x 1.54/3)rect unit cell is incommensurate with the
substrate. As commensurate entity, a double unit cell, a
(2 x 3+/3)rect structure, can be considered strictly
within the Wood's notation. Regardless of this formal-
ity, the observed packing motif is simple and has a
strong similarity to the molecular arrangement within
the (001) plane of crystalline naphthalene, as shown in
the cartoons in Figure 3f,g.

High-Resolution X-ray Photoelectron Spectroscopy. C 1s, N
1s, S 2p, and Se 3d HRXP spectra of the NC-NapS and
NC-NapSe films prepared at 60 °C are presented in
Figure 4. They go in line with the formation of well-
defined SAMs. Indeed, the S 2p spectrum of NC-NapS/
Au in Figure 4d exhibits a distinct S 2ps/,,1/> doublet at
a binding energy (BE) position of ~162.0 eV (S 2ps/,)
with no traces of atomic sulfur, disulfide, unbound
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Figure 4. C 1s (a,b), N 1s (c), S 2p (d), and Se 3d (e) HRXP
spectra of the NC-NapS and NC-NapSe SAMs. The C 1s
spectra are decomposed in individual emissions, viz. main
peak (1; blue line), high BE shoulder (2; olive line), and a low-
intensity feature (3; gray line). The photon energies are
given in the panels.

thiol, or oxidized species. This BE value corresponds to
the thiolate species bound to noble metal surfaces,®®~¢®
which suggests that basically all molecules in the
NC-NapS films were anchored to the substrate via a
thiolate—gold bond, as should be the case for well-defined
SAMes. Similarly, the Se 3d spectrum of NC-NapSe/Au in
Figure 4e exhibits a sole Se 3ds/,3,, doublet at a BE
position of ~54.25 eV (Se 3ds,,) characteristic of the
selenolate species bound to noble metal surfaces 3353968
This means that basically all molecules in the NC-NapSe
films were anchored to the substrate via a selenolate—
gold bond, forming well-defined SAMs.

The C 1s spectra of the NC-NapS and NC-NapSe
monolayers in Figure 4a,b exhibit an intense emis-
sion at a BE of 284.15 eV (1) accompanied by a weak
shoulder at higher BE (285.65 eV) (2). The intense
emission can be assigned to the naphthalene back-
bone, while the high BE shoulder can be mainly
associated with the nitrile carbon, similar to the case
of nitrile-substituted oligophenylenes and oligo(phenylene
ethynylene)s.5*%° In accordance with the above assign-
ment, the relative intensity of the shoulder decreases
with increasing photon energy as follows from com-
parison of Figure 4a,b. This happens because the larger
inelastic mean free path at higher kinetic electron
energies favors photoemission from the backbone
(inner part of the sample) compared to that from the
tail group (outer surface of the sample). This decrease is
stronger for NC-NapSe/Au than for NC-NapS/Au, which
is presumably related to an admixture of a weak signal

OSSOWSKI ET AL.

from a minor contamination (CO) to the shoulder, with
a somewhat higher contribution for NC-NapS/Au. In
addition, there is a low-intensity feature at 288.3 eV (3),
related presumably to another minor contamination
such as COOH. The contamination was most likely
located at the SAM—substrate interface since its rela-
tive weight increased with increasing kinetic energy of
the photoelectrons.

The N 1s spectra of the NC-NapS and NC-NapSe
SAMs in Figure 4c exhibit a single N 1s emission at a
BE of 398.5 eV. This emission can be assigned to the
nitrogen atom of the nitrile group, similar to the
analogous systems.’®54%° The presence of the single
emission only suggests the same chemical state and
location within the SAMs for all nitrile groups. In view of
the given attachment geometry (see the discussion
regarding the S 2p and Se 3d HRXP spectra), all nitrile
groups are exclusively located at the SAM—ambience
interface.

Apart from the above analysis of the HRXP spectra,
characteristic intensity relations were considered. In
particular, the C 1s/Au 4f intensity ratio for the
NC-NapSe SAMs was found to be slightly higher than
that for the NC-NapS monolayers at both excitation
energies used (350 and 580 eV). Accordingly, the
effective thickness of the former films (~1.17 nm),
calculated within the standard approach,”®”' was
found to be slightly (by ~11%) larger than that of the
latter films (~1.05 nm). This suggests a slightly higher
packing density of the NC-NapSe SAMs as compared to
the NC-NapS monolayers, in full agreement with the
STM data which give a similar difference in the molec-
ular footprint between NC-NapSe/Au and NC-NapS/Au.
Significantly, the thickness values are very close to
the lengths of the NapS and NC-NapSe precursors
(1.12 and 1.14 nm, respectively), implying dense mo-
lecular packing in the monolayers, once more, in
agreement with the STM data.

Ellipsometry and Infrared Reflection Absorption Spectroscopy.
The HRXPS results were verified by ellipsometry. Accord-
ingly, the thicknesses of the NC-NapS and NC-NapSe
films were estimated at 1.03 + 0.08 and 1.19 & 0.04 nm,
respectively. These values agree well with the effective
thicknesses derived on the basis of the HRXPS data,
corroborating the reliability of the results.

The films were further characterized by IRRAS. In
Figure 5, experimental and calculated spectra of the
NC-NapS and NC-NapSe species and the respective
SAMs are compiled. The assignment of the bands to
certain vibrational modes (see Table S1 in the Supporting
Information) was performed with the help of calculated
spectra of isolated nitrile-substituted naphthalenethiol
and -selenoacetate molecules. The IRRA spectra of the
NC-Nap$S and NC-NapSe films confirm formation of well-
defined monolayers. In particular, for the NC-NapSe
film, the absence of bands related to the acetate
moiety (2 and 5) indicates that this group has been
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Figure 5. IR spectra for NC-NapSH/NC-NapS (a) and
NC-NapSeAc/NC-NapSe (b). The upper traces represent cal-
culated spectra of the isolated molecules using DFT; the
middle traces show the spectra of the neat substances
(NC-NapSH and NC-NapSeAc); in the lower traces, the IRRA
spectra of the NC-NapS and NC-NapSe SAMs on Au are
displayed. The theoretical spectra are scaled in arbitrary units;
the scale bars for the absorbance of the experimental spectra
are given in the figure. The most important vibrational bands
are designated with numbers. See text for details.

cleaved off upon the formation of a gold—selenolate
bond, as has been expected.*' Significantly, for both
NC-Nap$S and NC-NapSe films, bands with out-of-plane
transition dipole moments (TDMs; 7 and 8) are clearly
attenuated in comparison to bands with TDMs parallel
to the C=N bond axis (1, 3, 4, 6). In view of the surface
selection rule for metal substrates,”? this behavior
leads to the assumption that the aromatic backbones
of the NC-NapS and NC-NapSe molecules are oriented
predominantly perpendicular to the substrate surface,
corresponding to the entire upright orientation of the
SAM constituents.

Note that the intensities of the C=N stretch bands
(1) in the IRRA spectra of NC-NapSe/Au are slightly
larger than that in the spectra of NC-NapS/Au. This can
be caused either by a somewhat more upright orienta-
tion of the NC-NapSe molecules or by a higher surface
coverage, which is presumably the case in view of the
STM, HRXPS, and ellipsometry data. As for the exact
molecular orientation, it could be better addressed by
NEXAFS spectroscopy, as will be described in the next
section.

Near-Edge X-ray Absorption Fine Structure Spectroscopy.
The C K-edge NEXAFS spectra of the NC-NapS and
NC-NapSe SAMs are presented in Figure 6a. This figure
compiles the spectra acquired at an X-ray incidence
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angle of 55° as well as the difference between the
spectra acquired at X-ray incidence angles of 90 and
20°. The angle of 55° is the so-called magic angle of
X-ray incidence; at this orientation, the spectrum is not
affected by any effects related to molecular orienta-
tion and is therefore exclusively representative of the
chemical identity of investigated samples.”® In con-
trast, the difference of the NEXAFS spectra acquired at
normal (90°) and grazing (20°) angles of X-ray inci-
dence is a fingerprint of the linear dichroism and, thus,
representative of the molecular orientation and orien-
tational order in the system studied.

The spectra in Figure 6a exhibit a variety of over-
lapping absorption resonances in the pre-edge area
and in the vicinity of the absorption edge. To distin-
guish between individual resonances, this region is
presented separately in Figure 6b, along with the
spectra of two reference systems, that is, SAMs of
nonsubstituted naphthalene-2-thiol (NapS) and nitrile-
substituted biphenylthiol (NC-BPT)®*%* on Au(111). The
spectrum of the NC-BPT film exhibits typical features
of poly-p-phenylenes,”>~7 7,* (1), m,* (2), and o1* (3)
resonances of the phenyl rings at 285.0, 288.5, and
2929 eV, respectively, along with the double 7* reso-
nance at 286.0 and 286.7 eV (4 and 5) associated with
the terminal benzonitrile moiety.”®*5*° The dominant
71,* resonance splits into two contributions (1a and 1b),
at 284.65 and 285.4 eV, when passing from the
NC-BPT to NapS monolayer. Such a splitting is typical
for acenes””” 78 and is explained by the chemical
shift of the two symmetry-independent carbon
atoms.”® Apart from this splitting and the lack of the
benzonitrile-related resonances (4 and 5), the spec-
trum of the Nap$ film mimics that of the NC-BPT SAM,
exhibiting the same resonances (2 and 3), along with a
R¥*/C—S* resonance at 286.8 eV. In accordance with the
molecular structure, the spectra of the NC-Nap$S and
NC-NapSe SAMs exhibit resonances characteristic of
both nonsubstituted naphthalene (1a, 1b, 2, and 3)
and benzonitrile (4 and 5). Distinct differences are a
renormalization of the relative intensities of the 1a and
1b resonances and an increase in the relative intensity
of the major benzonitrile-related feature (5). These
changes can be tentatively explained by the conjuga-
tion between the 7* systems of the nitrile moiety and
naphthalene backbone, resulting in a redistribution of
the electron density and, subsequently, in changes in the
oscillator strengths of the involved electronic transitions.

The N K-edge NEXAFS spectra of the NC-Nap$S and
NC-NapSe SAMs are presented in Figure 6c. These
spectra are dominated by a double 7* resonance at
~398.8 and ~399.7 eV, accompanied by a weak feature
at ~401.7 eV (presumably 7z,* of nitrile)®"%? and several
hardly perceptible o* resonances at higher PEs. The
double 7* resonance is characteristic of benzonitrile and
observed for the gas phase,®? molecular solid,?" and
monomolecular films containing this moiety.>6*%°
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Figure 6. C(a,b) and N (c) K-edge NEXAFS spectra of the NC-NapS and NC-NapSe SAMs acquired at an X-ray incident angle of
55° (black solid curves), along with the respective difference between the spectra collected under normal (90°) and grazing
(20°) incidence geometry (gray solid curves in a and c). The horizontal dashed lines correspond to zero. In (b), the region of the
* resonances is presented, and the spectra of several reference systems such as NapS and NC-BPT SAMs are given for
comparison. Individual resonances in b and c are marked, in b by numbers; see text for details. The vertical dashed lines are
guides for the eye. (d) Schematic drawing of the orientation of the NC-NapS and NC-NapSe molecules in the respective
SAMs. The 7,,,,* orbitals of the naphthalene backbone (black) and the 77,* orbital of the nitrile group (green) are parallel
to each other and perpendicular to the molecular plane; the respective transition dipole moment TDM,, is shown as a
violet arrow; its orientation is given by the angle a.. The 73* orbital of the nitrile group (blue) is parallel to the molecular
plane. The backbone tilt angle  and twist angle y describe the molecular orientation. At y = 0, TDM,, lies in the plane
spanned by the z- and the molecular axis (red dashed line). Black, green, and blue are used to color-code the respective
resonances in b and c.

The appearance of this resonance is related to the
conjugation between the 7* orbitals of the nitrile
group and the adjacent phenyl ring. As a result, the
degeneration of the w(C=N*) orbital is lifted and it
splits into two orbitals with distinctly different energies
(in contrast to nitrile-substituted alkanethiols where
the energies are quite close),”®*”>° which are oriented
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either perpendicular (lower PE; 7z,*) or parallel (higher
PE; 75*) to the plane of the adjacent ring,®'®* as
schematically shown in Figure 6d. The comparably
lower intensity of the 77;* resonance can be explained
by the delocalization of the respective orbital over the
entire benzonitrile moiety, whereas 73* is exclusively
localized at the nitrile group.
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TABLE 1. Average Tilt Angles of the 7,,,* (1 and 2) and
111,5¥(NC) Orbitals Derived from the Numerical Evaluation
of the NEXAFS Data for the NC-NapS, NC-NapSe, and
NapS SAMs and the Average Molecular Tilt and Twist
Angles of the Molecular Backbone (Error Bars Can Be
Estimated at 4+-3°)

average angles/system NC-NapS NC-NapSe Nap$
7t* orbitals (naphthalene) — Qtyap 68° 67° 71°
71, orbital (NO) — oy 66° 67°
715* orbital (NQ) — o3 57° 57°
twist angle (y) from ot; and a3 52° 54°
molecular tilt (5) from a; and o3 43° 42°
molecular tilt () from Opgp and (0, 03) 38° 41°

The C and N K-edge NEXAFS spectra of NC-NapS
and NC-NapSe SAMs exhibit pronounced linear dichro-
ism as follows from the respective difference curves
in Figure 6a,c. Considering that the TDMs associated
with the dominant st* resonances are oriented perpen-
dicular to the molecular axis, the positive sign of the
respective difference peaks suggests an upright orien-
tation of the molecules in the SAMs. This qualitative
conclusion goes in line with the one drawn from the IR
spectra of these films (see above). While a quantitative
evaluation of the IR data was not possible, the entire set
of NEXAFS spectra could be processed self-consistently
to obtain exact twist and tilt angles. Within this
procedure, performed within the standard theoretical
framework for vector type molecular orbitals,”>”® the
average tilt angles of the most dominant s* orbitals of
the naphthalene backbone (1a and 1b, see Figure 6b)
and the nitrile moiety (77;* and 75*, see Figure 6¢) were
derived. They are compiled in Table 1, along with the
analogous value for the reference NapS SAMs. A sche-
matic drawing of the target molecules, along with the
relevant molecular orbitals and angles, is presented in
Figure 6d.

Based on the derived angle values for the NC-Nap$S
and NC-NapSe SAMs, average tilt and twist angles for
the molecular backbones in these monolayers were
determined with the following equations

cos(oy) = sin(B)cos(y) (1
cos(az) = sin(B)cos(/2 —y) (2)

and
€os(Qnap) = sin(B)cos(y) (3)

within the established evaluation procedure.83646°

Note that the determination of both tilt and twist of
the naphthalene backbones in the target SAMs was
only possible due to the attachment of the nitrile tail
groups to these backbones and alignment of the
orthogonal 7;* and m5* orbitals of this groups with
the m,,p* orbitals. Without this dedicated tail group,
only the average orientation of the TDM,~ can be
determined. The molecular tilt can then only be
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evaluated within an assumption regarding the value
of the twist angle. Such an assumption, even though
reasonable (e.g., based on the data for the respective
bulk systems or indirect data by other techniques),'” is
of course inferior to the direct determination of the
twist angle, as in the present case.

The derived tilt and twist values for NC-Nap$S and
NC-NapSe SAMs are compiled in Table 1. Significantly,
the tilt angles calculated from the system of eqs 1 and 2
are very close to the analogous values calculated from
eq 3. This underlines the reliability of the approach—in
view of the fact that the above calculations were based
on the independently determined values for the dif-
ferent building blocks of the target molecules, that is,
the naphthalene backbone and nitrile group. Accord-
ing to Table 1, the average tilt and twist angles of the
molecular backbones in the NC-NapS and NC-NapSe
SAMs are very similar, being ~41 and ~53°, respec-
tively. Note that the values of the tilt angles are in
accordance with the attenuation of the out-of-plane
bands in the IRRA spectra of the SAMs (see above).

The relatively high tilt can be a consequence of the
dipole—dipole interaction between the nitrile tail
groups at the SAM—ambience interface. Minimization
of this unfavorable interaction can be achieved by the
tilting of the nitrile groups,®#* along with the rigidly
bound naphthalene backbones. Note that the non-
symmetrical attachment of these backbones to the
thiolate and selenolate headgroups provides an addi-
tional rotational degree of freedom for the naphthalene
unit,®? similar to the case of anthracene-substituted
alkanethiolates.®° This permits an easy adoption of the
most suitable orientation of the molecular backbones,
depending on the balance of the structure—building
interactions.

In agreement with the above hypothesis, the aver-
agetiltangle of the st* orbital in the NapS monolayers is
larger than those in the NC-NapS and NC-NapSe SAMs
(see Table 1). This suggests a smaller molecular inclina-
tion, even at the same twist angle as for the nitrile-
substituted films. At a lower twist angle, such as for the
respective bulk material (25°), the molecular inclina-
tion is even smaller, being 22°, which is very close to
the analogous value for the bulk naphthalene (20.5°).

Exchange Experiments. To compare the relative stabi-
lity of the S—Au(111) and Se—Au(111) bonds, ex-
change experiments were performed by incubation
of the NC-NapS or NC-NapSe SAMs formed at 60 °C in
ethanolic solution of hexadecanethiol (HDT) (see Meth-
ods for details). The progress of the exchange reaction
was monitored by the advancing water contact angle
(WCA) goniometry. The respective data obtained for the
NC-NapS and NC-NapSe monolayers are summarized in
Figure 7a. The WCA values for the freshly prepared films
(i.e., at an incubation time of 0 h) are identical (~50°)
within the measurements precision and characteristic of
hydrophilic surfaces, as can be expected.
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Figure 7. WCA (a) and relative surface coverage of the
NC-NapS(Se) molecules (b) derived in the course of the ex-
change reaction between the NC-NapS$ (blue) or NC-NapSe
(red) SAMs on Au(111) and HDT molecules in solution. The
lines are guides for the eyes. See text for details.

The analysis of the WCA values as functions of the
incubation time in the HDT solution shows drastic
differences between the NC-NapS and NC-NapSe
SAMs. Whereas, in the former case, WCA is gradually
changing from its initial value of 50° toward the value
of about 110°, which is very close to the WCA measured
for freshly prepared HDT/Au(111) (112°), only a small
change (to ~55°) is observed for the selenolate SAM.
The respective change in the molecular composition as
a function of the incubation time in the HDT solution
was calculated on the basis of the Cassie law®®

cosOc = facosOp + fgcosbp; fa+1fz = 1 4)

which describes the effective contact angle value 6 for
a surface covered by fractions f5 and fg of the materials
A and B, the neat surfaces of which would expose
contact angle values of 6, and g, respectively. The
result of the calculations, based on the data shown in
Figure 7a, is presented in Figure 7b. As shown in this
figure, there is a nearly complete (~95%) exchange
reaction between the HDT molecules in solution and
the NC-NapS moieties on Au(111). In contrast, an
analogous analysis for the NC-NapSe SAMs yields an
extent of exchange of only ~10% during the entire
reaction time (120 h). This suggests that only the defect
sites in the original film were involved before the
reaction was apparently terminated, presumably due
to the high stability of the densely packed selenolate—
SAM structure.

Secondary lon Mass Spectrometry. Another technique,
which recently proved to be extremely powerful for the
determination of relative stabilities of headgroup—
substrate bonds, is static SIMS (5-SIMS).2¢ As documented
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Figure 8. S-SIMS data analysis. (a) Normalized signal of
the [M + HI', [M]*, and [M — H]" secondary ions related
to the desorption of the complete molecules for NC-NapS/
Au(111) (blue bars) and NC-NapSe/Au(111) (red bars) SAMs.
(b) Analogous data for the secondary ions related to the
desorption of desulfurized fragments from NC-NapS/
Au(111), viz. [(M — S) + H]*, [M — SI, and [(M — S) — H]*
(red bars) as well as deselenized fragments from NC-NapSe/
Au(111), viz.[(M — Se) 4+ H]*, [M — Se]*, and [(M — Se) — H]"
(blue bars).

in Figure S6 in the Supporting Information, both
negative and positive ion mass spectra of the NC-NapS
and the NC-NapSe SAMs were recorded. These spectra
exhibit secondary ion signals typical of SAMs on gold,
that is, sulfur(selenium)—gold clusters (having the
general form of [Au,S5(Se),]7), different molecular frag-
ments, and metal—molecule clusters. To gain informa-
tion related to the molecule—substrate interface
stability, we have focused on analyzing in detail the
signals of the positive ions associated with the com-
plete molecules (IM]T = [NC-NapS(Se)]™) and the de-
sulfurized (or deselenized) fragments (IM — S(Se)]*" =
[NC-Nap]') emitted as a result of the ion-impact-
induced breaking of the Au—S(Se) and S(Se)—C bonds,
respectively (see the schematic cartoon in Figure 8).
The relative intensities of these particular ions as well
as of the related ions resulting from removing or
attaching a single H atom are presented in Figure 8.
The comparison of these data shows that, whereas the
ion-induced desorption of the complete molecule is
much more efficient for the NC-Nap$S as compared to
the NC-NapSe SAMs, the opposite relation occurs for
the desorption of the desulfurized and deselenized
fragments, with a noticeably lower extent in the
NC-NapS case.

Resonant Auger Electron Spectroscopy. As mentioned in
the introduction, the issue of electronic conductance in
the NC-NapS and NC-NapSe SAMs was tested by RAES
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at the N K-edge within the CHC approach. As shown by
the HRXPS and NEXAFS data, the nitrile groups were
exclusively located at the SAM—ambience interface,
being electronically connected to the substrate through
the molecular framework. Thus, the CT pathway to the
substrate at the resonant excitation of the nitrile group
was well-defined. However, such a CT could only occur if
it is energetically allowed. For efficient electron trans-
port, the energy of the 7* resonantly excited electron at
the nitrile group should be positive with respect to the
Fermi level of the substrate. Accordingly, the * reso-
nance excitation energy should be higher than the BE of
the respective core electron. Luckily, in the case of the
NC-NapS and NC-NapSe SAMs, this condition is well
fulfilled for both 7;* and m3* orbitals, the excitation
energies of which (~399.7 and ~398.8 eV, respectively)
are higher than that of the N 1s BE (398.5 eV). Thus, tail
group-to-substrate transfer of the resonantly excited
electron is energetically allowed for both [N 1s]z,* and
[N 1s]m3* excitations.

As shown and described in Figure 93, the decay of
these excitations can occur in three possible ways if
radiative decay is neglected. These include, first and
foremost, so-called participator (P) and spectator (SP)
scenarios, resulting in final states with either one hole
in the region of the occupied valence (OV) states,
corresponding to the P process, or two holes in the
OV states but an additional electron in the unoccupied
valence (UV) states, which gives in integral one hole per
excited atom and corresponds to the SP process.
Additionally, CT of the excited electron to the conduc-
tion band (CB) of the substrate can occur, followed by
the standard Auger decay. This route leads to the final
state with two holes in OV, which is nearly identical
to the final state of the Auger decay in the case of
nonresonant excitation, apart from subtle effects like
alignment of the core hole or difference in vibrational
fine structure.®” Since all above final states are differ-
ent, also in the terms of charge, the features related to
the respective scenarios can be distinguished in the
joint RAE spectrum as far as the target group is clearly
defined and the resonant excitation does not interfere
too much with the contributions from other processes
(e.g., photoemission) or other functional groups within
the molecule.

An important point is that, generally, one cannot
distinguish between CT to the substrate, through the
molecular backbone, and CT to the backbone only in
the CHC experiments involving a resonantly excitable
tail group. Indeed, in both cases, the excited electron is
not located any more at the terminal nitrile group,
leading to the electronic configuration, which is nearly
identical to the final state of the Auger decay in the
case of nonresonant excitation. However, for CT to
the backbone only, no dependence on the length of
the backbone can be expected, which is not the case
for both aliphatic and aromatic SAMs with the nitrile
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substitution.>”® This suggests that we indeed deal
with the CT to the substrate, supported also by the
energetic considerations (see above).

[N 1slz¢* and [N 1s]5* RAE spectra of the NC-NapS
and NC-NapSe SAMs along with their reproductions by
the linear combination of the purely resonant (P and SP)
and nonresonant (CT) contributions are presented
in Figure 9b,c, respectively. The purely resonant con-
tributions were measured using a reference nitrile-
substituted terphenylthiol (NC-TPT) monolayer on
Au(111). This molecule has the same benzonitrile
functional group as the NC-NapS and NC-NapSe moi-
eties but is too long to have a perceptible CT contribu-
tion in the RAE spectrum.® The RAE spectra of the
NC-Nap$S and NC-NapSe SAMs exhibit both participator
and spectator contributions, with a very low spectral
weight of the former component in the [N 1s]z3* case.
These spectra are very similar to the analogous spectra
of other benzonitrile-terminated monomolecular films,
which were analyzed in detail elsewhere >64%°

Analysis of the [N 1s]z;* RAE spectra in Figure 9b
suggests that they contain considerable contributions
from the CT route, represented as an admixture of the
nonresonant spectrum to the pure resonant curves.
Reconstruction of the RAE spectra by a linear combina-
tion of the nonresonant and pure resonant line shapes
reproduces the experimental curves quite fairly, giving
the identical portions of the nonresonant features
(~21%), representative of CT, for both the NC-NapS
and NC-NapSe SAMs. Based on these values, we can
apply the main formula of the CHC approach, ¢t = Tcore
(1 — Pc)/Pct, where T is the known lifetime of inner
shell vacancy (6.4 fs for N 15)® and Pcr is the relative
intensity of the post-CT portion in the total decay
spectrum.”?~>>82 Accordingly, the derived 7 for both
NC-Nap$S and NC-NapSe SAMs is 24 + 4 fs. As expected,
this characteristic time is longer than the analogous
value for the monolayers of nitrile-substituted phenyl-
thiolates (NC-PT; 9 + 3 fs)°® but smaller than the value
for the SAMs of NC-BPT (29 + 6 fs).>® Most important is
the fact that 77 is practically identical for the NC-Nap$S
and NC-NapSe SAMs, differing by either thiolate or
selenolate binding to the substrate.

In contrast to the [N 1s]s;* data, the [N 1slz3* RAE
spectra of the NC-NapS and NC-NapSe SAMs, pre-
sented in Figure 9¢, do not exhibit any perceptible
admixture of the nonresonant line shape. These spec-
tra are practically identical to the properly scaled pure
resonant spectra. Presumably, the characteristic CT
time following the [N 1s]z3* excitation in the NC-Nap$S
and NC-NapSe SAMs is much longer (more than
120—150 fs) than the N 1s core hole lifetime and is
therefore not resolvable within the applied CHC
scheme. Note that the analogous situation occurs for
the NC-BPT SAMs, as well, and, consequently, is under-
standable in the case of the naphthalene backbone.
Note also that the distinctly different 7o for the
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Figure 9. (a) Scheme of core excitation/de-excitation routes for the nitrile group in the NC-NapS and NC-NapSe SAMs in the
framework of RAES (1). This group is considered to be weakly coupled to a continuum (e.g., substrate conduction band, CB),
with IS, OV, and UV denoting inner shell (here N 1s) and occupied and unoccupied 2s- and 2p-derived valence levels, respectively.
Filled and hollow circles represent electrons and holes, respectively, with red and blue color-code corresponding to IS and OV/UV,
respectively. Shallow core holes as the N 1s decay nearly exclusively by an Auger process; that is, an electron from OV fills the hole
(gray arrow), and a second electron carrying the excess energy is emitted (orange arrow). Upon the resonant excitation of an IS
electron (black arrow in 1) into a bound state (UV), the excited electron can either take part in this decay process (participator, P) or
“watch” it as a spectator (SP). Both P and SP processes lead to characteristic final states with effectively one hole in the valence
region. Alternatively, CT of the excited electron to CB can occur (brown arrow), leading to the same final state with two holes in OV
as the nonresonant Auger process (2), such as the excitation of an IS electron into a continuum state (black arrow in 2) followed by
the emission of an OV electron. [N 1s];z;* (b) and [N 1s]7z3* (c) RAE spectra of the NC-NapS and NC-NapSe SAMs (open circles) along
with their reproductions (red solid lines in b) by the linear combination of the purely resonant (blue dashed lines) and nonresonant
(black dotted lines in b) contributions. P and SP features are marked. The derived 7 values are given. The experimental and
resonant spectra are almost identical in ¢, so that the nonresonant contribution is too small to be perceptible.

[N 1slzy* and [N 1s]ms* excitations are a common
phenomenon in benzonitrile-substituted monolayers.>®
This difference was explained by the different conjuga-
tions of the relevant molecular orbitals.>® As mentioned
above, the 7;* orbital is strongly conjugated with the 7*
system of the adjacent phenyl ring, which makes the
electron transport along the molecular backbone more
efficient. In contrast, the 73* orbital is almost exclusively
located at the nitrile group, which can be associated with
a longer CT pathway and an additional injection barrier.

DISCUSSION

We start the discussion with a summary of the basic
characterization data for both systems studied, which

OSSOWSKI ET AL.

is a critical step to give credibility to the stability and CT
dynamics experiments. When looking at the effect of
the S—Se headgroup substitution on the stability and
transport properties of SAMs, it is not sufficient to use
just the S- and Se-based molecular analogues, as it is
fulfilled in a variety of previous publications®”#"47>!
and also in the present case, but it needs also to be
ensured that the respective SAMs formed by these
analogues have similar structure and packing density,
so that the relative stability and conductance data can
be exclusively related to the SAM—Au(111) interface
modification.

In the framework of these basic requirements, our
STM analysis demonstrates that the NC-NapS and
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NC-NapSe SAMs prepared on Au(111) at slightly ele-
vated solution temperature (60 °C) exhibit well-
ordered oblique (2+/3 x +/37) and rectangular (2 x
1.54/3) molecular arrangements, respectively. Impor-
tantly, both structures are characterized by similar
(within ~10%) packing densities. These conclusions,
based on the “local” STM analysis, are fully consistent
with the results obtained by “large area” techniques,
such as ellipsometry, IRRAS, XPS, and NEXAFS spec-
troscopy, which show similar effective film thicknesses
(~10.5 and ~11.7 A) as well as basically identical
average tilt (~41°) and twist (~53°) angles of the molec-
ular backbones for the both types of SAMs. Such con-
sistency of the data obtained from the local and global
techniques is crucial at this point because all further
analysis of the stability and transport properties of these
SAMs is based on the global techniques which sample a
large area, averaging over possible structural defects.

Despite similar packing densities, the STM analysis
of the NC-NapS and NC-NapSe SAMs on Au(111) also
shows important structural differences. It can be as-
sumed that, in analogy to similar systems,*' the mol-
ecules in these SAMs adopt a structure which mimics
the characteristic herringbone arrangement known
for crystalline naphthalene. For the NC-NapSe SAM, a
simple rectangular (2 x 1.54/3) unit cell, involving
three different adsorption sites, was observed (see
Figure 3e), which, within the precision of our STM
measurements, corresponds directly to the molecular
arrangement within the (001) plane of crystalline
naphthalene. Formation of such a simple structure,
close to that of crystalline naphthalene, implies that
the NC-NapSe molecules are capable of achieving an
optimal, single-crystal-like molecular arrangement
even at the comparatively stronger interaction with
the substrate. A distinctly different situation occurs in
the case of the NC-NapS SAMs. Here, a somewhat
larger, oblique (24/3 x +/37) unit cell is observed,
which is fully commensurate with the Au(111) sub-
strate but is much more complex, exhibiting up to six
different adsorption sites. As indicated in Figure 2g, it is
still possible to fit the motif found within the (001)
plane of crystalline naphthalene into the oblique
(24/3 x +/37) cell but only relying on the average
distances between the molecules inside this complex
structure. These observations indicate that the inter-
molecular interactions in the NC-NapS SAMs are infer-
ior to the molecule—substrate interface energetics, so
that the structural template provided by the substrate
is a dominant factor for the structure formation. Sig-
nificantly, since the packing motive and the density for
both types of SAMs are very similar, we can assume
that the observed difference in balancing the impact
of the intermolecular interactions and molecule—
substrate interface energetics on the 2D structure
formation is exclusively attributed to differences in
the headgroup-substrate interaction.

OSSOWSKI ET AL.

To learn more about the energetics of the
molecule—substrate interface in both SAMs, we have
conducted dedicated exchange and S-SIMS experi-
ments probing the relative stability of these SAMs.
The experiments monitoring the exchange of the
NC-NapS and NC-NapSe moieties in the respective
SAMs on Au(111) by HDT molecules unambiguously
demonstrated an almost complete exchange reaction
for NC-NapS/Au(111) and a very small extent of this
process, limited, presumably, to the defect sites only, in
the case of NC-NapSe/Au(111). Considering that (i) both
SAMs have similar structure and packing density and
that (ii) the exchange process requires the complete
removal of a SAM constituent by cleaving its bond to the
substrate, we conclude a higher stability of the Se—Au
bond as compared to the S—Au bond in these fully
aromatic SAMs with either S or Se atoms directly
attached to the aromatic backbones. Importantly, the
same conclusion was reached in our previous exchange
experiments where the relative stability of two homo-
logue series of biphenyl-substituted alkanethiolates
and alkaneselenolates (BPnS(Se): CH;—(CgH4),— (CHy) —
S(Se), n = 1—6) on Au(111) was compared.*® Thus, our
present and previous*® exchange experiments are
complementary and show that, independent of the
backbone character (aliphatic or aromatic), the Se—Au
bond is more stable as compared to the S—Au one in
the analogous SAMs.

To analyze the differences in stability of the molecule—
substrate interface in the NC-NapS and NC-NapSe mono-
layers in more detail, we have exploited a novel approach
based on the ion-induced desorption technique 24 The
resulting data (Figure 8) suggest that, whereas the ion-
induced desorption of positive ions, associated with
the complete molecule and following the breaking
of the Au—S(Se) bond, is much more efficient for the
NC-NapS SAMs, the emission of the positive ions
related to desulfurized(deselenized) fragments by
breaking the S(Se)—C bond is more efficient for the
NC-NapSe monolayers. Following a general logic as
well as the argument provided in our recent S-SIMS
publication,2® we assume that a larger efficiency of ion-
induced cleavage of a given chemical bond is related
to a smaller bond energy. Consequently, our S-SIMS
data indicate higher stability of the Se—Au bond as
compared to the S—Au one with, at the same time,
lower stability of the adjacent Se—C bond as com-
pared to the S—C one. Such effect of reversed relative
stability of these two consecutive chemical bonds (viz.
Au—S(Se) and S(Se)—C) can be understood intuitively
considering that the valence electrons of the same
S(Se) atom are involved in bonding with both the Au
substrate and the naphthalene moiety. A larger invol-
vement of the valence electrons of the S(Se) atom
in one of these chemical bonds should result in a
smaller involvement of these electrons in the second
bond, reducing, consequently, the stability of the
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latter. As documented by recent studies on the model
system of BPnS(Se)/Au(111),2¢ this intuitive explana-
tion is also consistent with density functional theory
(DFT) calculations of respective bond energies and
molecular dynamics simulations of ion-induced desorp-
tion. A further hint is a comparison of thiolate-bonded
molecules on Au, Ag, and Cu. C—S bond breaks more
easily as the sulfur—metal bond gets stronger.”’??
Summarizing this part and taking into account the
literature data for the BPnS(Se) monolayers2® we can
conclude that, independent of the character of the
molecular backbone (aliphatic or aromatic), the Se—Au
bond is more stable as compared to the S—Au one, with,
however, lower stability of the adjacent C—Se bond as
compared to that of C—S.

A reasonable question at this point is why, despite
the stronger binding to the substrate in the case of
Se headgroup, the respective SAMs adopt a structure
dictated mostly by the intermolecular interaction, with
a very simple unit cell, which is very similar to the
molecular arrangement in crystalline naphthalene. This
unit cell involves different adsorption sites for the
identical molecules (see Figure 3e), thus indicating
a presumably lower involvement of the molecule—
substrate energetics into the 2D ordering. There are,
however, two possible explanations of this seeming
contradiction. First, it can be the effect of a lower
corrugation of the binding energy surface for seleno-
lates on Au(111) as compared to thiolates,*® which is
not necessarily related to the bond strength, as occurs
for alkanethiolates that have a better mobility on
Ag(111) compared to Au(111), in spite of the stronger
bonding to the silver substrate.! Second, it can be an
effect of the enhanced mobility of the gold atoms in
the topmost layer of the substrate mediated by the
strong bond to the adsorbate molecules in the case of
the Se headgroup.3*#%** Indeed, it is well-known that
the mobility of the atoms in the topmost layer of the
substrate increases with increasing strength of the
molecule—substrate bond due to the reduced interac-
tion of the surface atoms with the underlying layers of
the substrate.*® This can then result in relaxation of the
stress related to the formation of 2D incommensurate
structure driven by the strong intermolecular interac-
tions. However, the STM data for NC-NapSe/Au do not
exhibit any evidence for a surface reconstruction since
the molecular film, as a whole, mimics the structure of
the nonreconstructed substrate, except for the small
difference in the dimensions of the unit cells, related,
presumabily, to a limited accuracy of the STM measure-
ments. Nevertheless, we think that the presented STM
data do not allow a clear distinction between the lower
corrugation and surface reconstruction scenarios, both
of which are probably important.

The final part of our experiments was devoted to
the analysis of the CT processes in the NC-Nap$S and
NC-NapSe SAMs. According to the results of the dedicated
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RAES-CHC measurements, the characteristic CT time
(zcT) between the terminal nitrile group of the as-
sembled NC-NapS(Se) molecules and the Au(111) sub-
strate is essentially identical (24 & 4 fs) for both types of
SAMs. This suggests very similar CT properties for the
S—Au and Se—Au bonds, even though the entire 7t is
mostly determined by the molecular backbone, with
the CT through the backbone being the rate-limiting
step.>”*® Indeed, according to our previous results,>”®
the characteristic CT time for the S—Au bond is just
2.3-2.8fs as far as one can disentangle this contribu-
tion from the performance of the entire molecule.”®
Thus, a certain difference between the CT performance
of the S—Au and Se—Au bonds cannot be excluded,
but it is certainly much lower than the factor of ~2.5 or
even ~10in relation to the entire molecule as reported
in the literature.*’”' Note that this is the only way to
deal with the charge transport/transfer properties of
the S—Au and Se—Au bonds as to probe the respective
molecular adsorbates as a whole and not just the
S/Se—Au junction.

Significantly, the CT process in our case is related to
individual molecules and does not depend on the
packing density that is, however, quite close for the
NC-Nap$S and NC-NapSe SAMs, excluding differences in
matrix effects. It is also of importance that these
molecules are the constituents of well-defined mono-
layers with similar structural and geometrical para-
meters. Note also that there are only a very limited
number of experimental reports*’>' which compare
electron transport through SAMs based on sulfur and
selenium analogues. These studies, reporting contra-
dictory conclusions regarding either higher’' or
lower*” conductance for the Se headgroup as com-
pared to S one, use similar approaches based on
analyzing apparent height differences in the STM
images obtained for mixed SAMs of both types. Apart
from the basic limitations of the applied methodology
and possible role of defects, such mixed SAMs were
certainly not as well-defined as the monolayers of
the present study. Additional support comes from
the most recent DFT calculations analyzing the influ-
ence of the S—Se headgroup substitution in biphenyl-
based SAMs on gold (CgHs—CgHa—S(Se)/Au(111)).22
These calculations show that gold substrate work
function modification due to the SAM formation, as
well as HOMO and LUMO level alignment, is essentially
insensitive to the S—Se substitution, which is consis-
tent with a similar CT efficiency observed for both types
of SAMs in our experiments.

Following a recent line of arguments*® connecting
the strength of the S(Se)—Au bond with the overlap
and involvement of the relevant electronic states,
we get a link between the results of the experiments
probing this bond strength (exchange and S-SIMS)
with the conclusions regarding the CT properties of
the SAM studied (RAES-CHC). Along these lines,
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considering higher stability of the Au—Se bond com-
pared to that of Au—S, concluded in our study, one
would presumably expect noticeable differences in the
CT properties. This was not observed in our RAES-CHC
experiments, but at the same time, we demonstrated
that the larger involvement of the headgroup atom in
binding with the metal substrate occurs at the expense
of the decreased involvement in the binding with the
neighboring carbon atom. Since the tunneling process
involves both C—S(Se) and S(Se)—Au bonds, we sup-
pose that the better tunneling conditions in the latter
case are compensated by the worse tunneling condi-
tions in the former case. Thus, it looks as though the
S—Se substitution causes a redistribution of the
electronic states at the Au—S—C interface, which, on
the average, does not change the total probability of
charge carrier tunneling.

CONCLUSIONS

To understand the impact of the headgroup atom
substitution on structure, stability, and charge trans-
fer properties of SAMs, two representative model
systems, NC-NapS/Au(111) and NC-NapSe/Au(111),
were investigated.

As a starting point, we analyzed and compared in
detail the structure and molecular organization in
these monolayers using both microscopic and spectro-
scopic techniques. The SAMs were found to be of high
quality and, what was particularly important in the
context of the present study, possessed the same
basic structural motif (close to (2 x 1.5+/3)rect) as well
as similar packing density (0.239 and 0.215 nm?%/
molecule) and molecular orientation (a tilt angle of
41—42°). These characteristics allowed for rational
comparison of the bond stability at the molecule—
metal interface as well as for a comparison study of CT
properties of thiolate and selenolate SAMs on noble
metal substrates.

Consequently, by probing this interface by the
dedicated exchange experiments and, independently,

METHODS

SAMs of chalcogenolates (thiolates, selenolates) are typically
formed from the respective chalcogenols or the dichalcogen-
ides. While aromatic thiols such as 6-cyanonaphthalene-2-thiol
(NC-NapSH) are usually quite stable in air, the respective
selenols easily oxidize. Based on the observation that selenoa-
cetates can form well-ordered selenolate SAMs on Au(111)
equally efficiently,*’ we used the air-stable 6-cyanonaphtha-
lene-2-selenoacetate (NC-NapSeAc) as the SAM-forming mole-
cule in this study. Due to the structural similarity, the two
investigated molecules were prepared from a common inter-
mediate, 2-bromo-6-cyanonaphthalene. This compound has
been synthesized following a literature procedure,®® starting
from commercially available 2-bromo-6-naphthoic acid via the
respective amide, which was dehydrated to the nitrile by action
of trifluoroacetic acid anhydride (see Scheme S1 in the Support-
ing Information). Both, the bromoamide and the bromonitrile
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by S-SIMS technique, we demonstrated that the Au—Se
bond is more stable than the Au—S one with, at the
same time, lower stability of Se—C bond as compared
to that of S—C, due to a redistribution of the electron
density between these two adjacent bonds.

Finally, we probed the dynamic CT properties of the
NC-NapS and NC-NapSe SAMs and found similar CT
time for the both systems, which, in view of the well-
defined monolayers with similar molecular organiza-
tion and the single-molecule character of the CT
process involved, suggest, in contrast to the previous
studies, similar electronic coupling efficiency of the S
and Se anchors.

Considering the bond stability as a measure of its
strength and as a fingerprint for the overlap and
involvement of the relevant electronic states, the ex-
change and S-SIMS results were correlated with the CT
dynamics findings. Along these lines, consideration of
the S—Au and Se—Au bonds alone leads, obviously, to
a wrong conclusion regarding the electronic coupling
efficiency of the S and Se anchors since the latter
bond seems to be noticeably stronger. Instead, both
S(Se)—Au and S(Se)—C bonds should be considered
together. Since a comparably stronger Se—Au bond is
accompanied by the weakening of the adjacent Se—C
bond, the joint effect is comparable with the Au—S—C
linker. This explains the equivalent CT dynamics prop-
erties of the NC-NapS and NC-NapSe SAMs found in
this work and suggests that the S—Se substitution
does not result in any improvement of the electronic
coupling to the substrate. This observation of an
independence of the CT properties on the exact inter-
face chemistry goes in line with recently reported data
for a different set of headgroup—substrate interactions.>>**

However, the S—Se substitution is certainly of im-
portance for the molecular organization and structural
perfection in the given SAMs. At least in the case of the
aromatic SAMs, the Se—Au bond allows for a better
structural perfection as compared to the thiolate an-
chor, resulting in monolayers of a higher quality.

could be crystallized to obtain their solid-state structure (see the
Supporting Information for details). The introduction of the
selenium atom followed a recently reported protocol, which
uses a sterically hindered silaselenol for the palladium-catalyzed
formation of the C—Se bond.”®°” The Se atom was then
deprotected by the action of fluoride followed by a reprotection
with acetyl chloride. A similar approach was used for the
synthesis of the thiol compound by modifying previously
developed protocols.®®~'°" By using a silathiol, first C—S bond
formation was achieved, followed by proton-induced S—Si
bond cleavage. Both NC-NapSH and NC-NapSeAc turned out
to be sufficiently air-stable to be handled under the typical SAM
deposition conditions. Additional details can be found in the
Supporting Information.

NapS used as a reference for the spectroscopic experiments
and HDT used as substituent for the substitution experiments
were purchased from Sigma-Aldrich and used as received. The
NC-BPT and NC-TPT used as references for the spectroscopic
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experiments were synthesized according to literature.* The
substrates for the SAM preparation were purchased from Georg
Albert PVD, Heidelberg, Germany. They represented epitaxial
Au (99.99% purity) layers of 200 nm thickness, evaporated
with a rate of 2 nm/s onto the mica slides held at 340 °C. The
substrates were flame-annealed before immersion into solu-
tions of the target compounds. This procedure yielded high-
quality Au films with flat terraces of several 100 nm, exhibiting a
(111) surface orientation with a typical surface reconstruction
pattern.’®?

The NC-NapS and NC-NapSe SAMs were formed by immer-
sion of freshly prepared gold substrates into a 1 mM solution
of the above compounds in absolute ethanol for 24 h at room
temperature (RT = 21 °C) or at elevated temperature (60 °C).
After immersion, the SAM samples were carefully rinsed with
the solvent, blown dry with argon, and either characterized
immediately or kept for several days in argon-filled glass
containers until the characterization at the synchrotron (see
below). The reference NapS monolayers were fabricated in a
similar fashion; the reference NC-BPT SAMs were prepared
according to an established procedure.”®%*

The fabricated films were characterized by STM, HRXPS,
ellipsometry, IRRAS, NEXAFS spectroscopy, RAES, S-SIMS, and
dedicated exchange experiments. All experiments were per-
formed on the samples prepared at 60 °C because of their
superior quality.

For ellipsometric characterization of the monolayers, a Sen-
tech SE 400 ellipsometer with a He—Ne laser (wavelength
632.8 nm) was used. The angle of incidence was 70° with
respect to the sample surface normal. The complex refractive
indices of the Au substrates were measured before SAM
deposition. The extinction coefficients and the refractive indices
of the monolayers were assumed to be 0 and 1.55, respectively.

IR spectra of neat substances (reference) and SAMs were
recorded using a Thermo Nicolet 6700 Fourier transform IR
spectrometer purged with dried and CO,-free air and equipped
with a narrow band mercury cadmium telluride semiconductor
detector. All spectra were recorded at 4 cm™' resolution. Neat
substance spectra were obtained using a single-reflection
diamond attenuated total reflection unit. IRRAS of the SAMs
was carried out with p-polarized radiation at 80° relative to the
sample surface normal. Perdeuterated dodecanethiolate SAMs
on gold served as reference for the IRRAS measurements. Since
the C—D stretch bands interfered with the C=N stretch signal of
the samples, additional spectra were recorded with a nondeut-
erated HDT SAM as background. Vibrational mode assignments
and identification of the TDM orientations were carried out with
the help of DFT calculations of single molecules IR spectra at the
BP86/SVP level.

STM measurements were carried out in air at room tempera-
ture using a MultiMode llla Digital Instruments microscope. In all
cases, tips were prepared mechanically by cutting a 0.25 mm
Pt/Ir alloy (8:2, Goodfellow) wire. The data were collected in
constant current mode using tunneling currents in a range of
15—40 pA and a sample bias of 0.2—0.8 V (tip positive). No tip-
induced changes were observed under these imaging conditions.

The HRXPS, NEXAFS, and RAES measurements were con-
ducted at the MAX Il storage ring at the MAX-IV laboratory in
Lund, Sweden, using the bending magnet beamline D1011
(plane grating monochromator) and an experimental station
equipped with a SCIENTA SES200 electron energy analyzer and
a partial electron yield (PEY) detector. The experiments were
carried out under UHV conditions at a base pressure <1.5 x
107"° mbar. Special care, including a limited exposure of a
particular spot as well as control measurements, was taken to
avoid damage induced by X-rays.5®1%3

The HRXP spectra were collected in normal emission geome-
try for the Au 4f, Se 3d, S 2p, C 1s, and N 1s ranges. In addition,
the O 1s range was monitored. The energy resolution was better
than 100 meV (about 60 meV for most of the spectra), allowing a
clear separation of individual spectral components. The BE scale
of every spectrum was individually calibrated to the Au 4f;,,
emission line of the underlying Au substrate at 84.0 eV.'% As
far as this was necessary, the spectra were fitted by sym-
metric Voigt functions and a Shirley-type background. To fit
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the Se 3ds,5,3/2 and S 2ps, 1/, doublets, we used a pair of such
peaks with the same fwhms values, branching ratios of 3:2
(Se 3ds/2/3d53,5) and 2:1 (S 2p3/2/2p1 ), and spin—orbit splittings
(veriﬁed by ﬁt) of ~0.86 eV (Se 3d5/2/3d3/2) and ~1.18 eV
(S 2p3/2/2p1/2)." %

The NEXAFS spectra were acquired at the carbon and nitro-
gen K-edges in the PEY acquisition mode with retarding
voltages of —150 and —300 V, respectively. Linearly polarized
synchrotron light with a polarization factor of ~95% was used.
The energy resolution was better than 100 meV. The incidence
angle of X-rays was varied from 90° (E vector in the surface
plane) to 20° (E vector near the surface normal) in steps of
10—20° to monitor the molecular orientation in the SAMs. This
approach is based on the dependence of the cross section of
the resonant photoexcitation process on the orientation of the
electric field vector of the synchrotron light with respect to the
molecular orbital of interest (so-called linear dichroism in X-ray
absorption).”®> Raw NEXAFS spectra were normalized to the
incident photon flux by division through a spectrum of a clean,
freshly sputtered gold sample. Subsequently, the spectra were
reduced to the standard form by subtracting a linear pre-edge
background and normalizing to the unity edge jump (deter-
mined by a nearly horizontal plateau 40—50 eV above the
respective absorption edges). The energy scale was calibrated
by means of the most intense s* resonance of highly oriented
pyrolytic graphite at 285.38 eV'?® in combination with the well-
known Ahy o< (hv)*?2 behavior of plane grating monochromators.'®
The resulting energy positions are expected to be accurate and
reproducible within +0.05 eV.

The RAES spectra were acquired at the N K-edge using a
SCIENTA SES200 electron energy analyzer. The X-ray incidence
angle was set to 55° to suppress orientational effects;”*%” the
take off angle of the electrons was close to normal emission. The
resonant excitation energies were determined in the prelimi-
nary NEXAFS experiments. In addition, nonresonant Auger elec-
tron spectra were recorded at an excitation energy of 5—6 eV
above the absorption edge. This setting seems to be optimal for
nitrile-substituted SAMs on Au in order to maximize the signal-
to-noise ratio and to avoid appearance of interfering gold
photoemission in the spectra.”® Finally, for every sample, a
reference spectrum for the pre-edge excitation was measured.
This spectrum was subtracted from the RAES and nonresonant
AES spectra to correct them for a contribution of the photo-
emission, which could not be avoided completely.

The relative stability of the headgroup—substrate bonds in
the NC-NapS and NC-NapSe monolayers was probed by dedi-
cated exchange experiments. The above SAMs were immersed
in the 1 mM ethanolic solution of HDT at room temperature. The
progress of the exchange reaction was monitored for a given
sample by the consecutive control of the advancing water
contact angle. The measurements were carried out with a
Rame-Hart goniometer, model 200, using ultrapure water
(~18 MQ). The experiments were performed under ambient
conditions (temperature = 21 °C, humidity = 25%), with the needle
tip in contact with the drop. Averaged values of at least 50 mea-
surements at different locations on each sample are reported.

The SIMS experiments were performed using a TOF SIMS V
system (ION TOF GmbH, Germany). The instrument was oper-
ated at a base pressure of 6 x 10~ '° mbar. The primary 30 keV
Bi* ion beam was scanned over a 500 um x 500 um area during
the data acquisition. All spectra were collected in the static SIMS
regime using a total ion dose of up to 8 x 10’ ions/cm? which,
for these kinds of SAMs, ensures analysis with negligible ion-
induced damage, as documented by our previous studies.'®”
The secondary ions were extracted into a reflectron time-of-
flight mass spectrometer before reaching the MCP detector. For
each type of SAM, three different areas on three different
samples were examined with a reproducibility of ~10% in the
peak intensities. Before analysis, all spectra were normalized to
the respective total count numbers.
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ABSTRACT: Structural properties and stability of the self-
assembled monolayers (SAMs) of two prototypical azoben-
zene-based alkanethiols (C4H;—N=N-CH,—(CH,),—SH)
on Au(111) and Ag(111) substrates were studied in detail
using a combination of complementary experimental techni-
ques. The azobenzene moiety in these films was linked to the
thiol headgroup via short aliphatic spacers of variable length,
ie, (CH,); or (CH,),, corresponding to a different parity of n.
For both Au(111) and Ag(111) substrates, a pronounced
dependence of the packing density and molecular inclination
on the parity of n was observed, with a higher packing density
(by ~14%) and smaller inclination (by ~17°) of the
azobenzene moieties for n = odd as compared to n = even
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on Au(111) and reversed, but somewhat reduced, behavior on Ag(111). This dependence was related to the well-known odd—
even effects in molecular assembly on noble metal substrates, reported previously for a variety of oligophenyl-substituted
alkanethiolate SAMs and observed now for the azobenzene-substituted monolayers as well, underlining their generality. The
structural odd—even behavior was accompanied by odd—even effects in the stability of the substrate—S bond, with the latter
effects being directly correlated to the respective structure variation. The above results are of general importance for the design of
functional monomolecular films and of a particular significance as a basis for dedicated photoisomerization experiments.

1. INTRODUCTION

Design and functionalization of thin organic films play a key
role in many nanotechnological applications, with thiol self-
assembled monolayers (SAMs)"” on metal substrate being one
of the basic prototypical systems offering well-defined, highly
ordered, and relatively stable monomolecular films. Despite
conceptual simplicity and easiness of formation the correlation
between structure, stability, and specific functionality of SAMs
is still not completely clarified. This information is particularly
scarce for less intensively investigated molecules with aromatic
backbone which are of potential interest for both basic research
and specific applications such as molecular electronics,
lithography, nanofabrication, etc.”~” For purely aromatic
thiol-based SAMs, a high concentration of structural defects
was observed as a result of surface stress induced by the misfit
between the lattice preferred by the aromatic moieties and the
one favored by the metal substrate.”” However, dedicated
studies demonstrated that introduction of a more flexible
aliphatic chain, as a spacer between the rigid aromatic moiety
and the anchoring thiol group, can at least partly solve this
problem, giving additional degrees of freedom and, thus,
providing suitable pathways to reduce the stress without

-4 ACS Publications  © 2015 American Chemical Society

25929

distorting the film structure.'” The insertion of an aliphatic
spacer, (CH,),, the length of which is described by the
parameter 71, has pronounced consequences for the resulting
SAM structures. As demonstrated by detailed microscopic and
spectroscopic studies for the homologous series of biphenyl-
and terphenyl-substituted alkanethiols'' ™*° and alkanesele-
nols”’ ™ on the Au(111) and the Ag(111) substrates the
structure of these SAMs depends strongly on the parity of n. In
particular, on the Au(111) substrate, higher density structures
of more upright-oriented molecules are formed by the odd-
numbered homologues, in contrast to the even-numbered
molecules exhibiting the opposite behavior. Interestingly, this
“odd—even” effect is reversed on Ag(111) substrates, resulting
in higher packing density structures of more upright-oriented
molecules for the even-numbered homologues and vice versa.
Significantly, the odd—even effect not only involves a structural
modification of the araliphatic SAMs but also, as documented
by the comparison studies for biphenyl-substituted alkanethiols
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and -selenols on Au(111), has deep consequences for other film
properties, such as their stability toward electrochemical
desorption,”*** ion-induced desorption,26 electron irradia-
tion,”’ exchange by alternative SAM precursors,”””’ and
thermally induced phase transitions.”’~>> We would like to
note at this point that odd—even effects are a general
phenomenon, occurring also in pure aliphatic SAMs.**
Interestingly, recent experiments demonstrate that the odd—
even effect can also be used to control tunneling rates in
molecular junctions.”> ™’

In the present study we test to what extent the concept of the
odd—even effects is applicable to the aliphatic SAMs with
azobenzene substitution, which, in the trans state, has a planar
conformation, analogous to oligophenyl units in densely packed
molecular films."” Note that this functional moiety is of
particular importance in view of its well-known photochromic
behavior,”*' i, light-induced trans—cis and cis—trans
conformational changes, attractive in context of stimuli-
responsive systems and potential applications in molecular
electronics,42 as active recognition systems,43 etc.,, as far as
azobenzene-bearing molecules can be assembled on a solid
substrate in a suitable fashion. Along these lines, a variety of
different azobenzene-based thiolate SAMs were studied,
including purely aromatic monolayers based on biphenyl
azobenzene,** hybrid aliphatic—aromatic films,> ™% as
well as mixed SAMs comprised of azobenzene-functionalized
molecules and short “matrix” moieties.”* > The reason for the
use of such mixed SAMs with the functional molecules
“diluted” by the matrix species is to release possible steric
hindrances imposed by the neighbor molecules in the densely
packed films, limiting the sterically demanding trans—cis
conformation change of the azobenzene units. Such steric
hindrances are believed to be the major constraint preventing
the fabrication of reliable, stimuli-responsive, azobenzene-based
monolayers,** along with the quenching of the preisomerization
excited state by interaction with the substrate®® and excitonic
coupling among the azobenzene chromophores,” discussed
also in this context. However, it has been demonstrated that for
certain SAMs, like those with the rigid aromatic backbone with
embedded azobenzene moiety, quite effective isomerization is
possible even for well-ordered and densely packed structure,
due to a cooperative character of the switching process
occurring, presumably in a domino-like fashion.™>**~*%%
Such strategy, relying on cooperative switching in well-ordered,
densely packed films rather than that of isolated azobenzene-
bearing molecules, implanted in an inert matrix, should be
potentially more efficient. The question is whether the
observed cooperative isomerization behavior is a broad
phenomenon for ordered molecular films or rather an
exception, characteristic of specific molecular arrangements in
few selected cases only.

In contrast to the SAMs based on rigid, oligophenyl
backbone with embedded azobenzene moiety,"**’ the struc-
tural order of monolayers, in which this moiety is linked to the
thiol group via an aliphatic chain,”"* is usually much lower. In
particular, this lack of structural order is associated with much
smaller changes in the work function upon the isomerization of
such SAMs™ as compared to those with the oligophenyl
backbone.” Significantly, lower structural quality of SAMs
where an aliphatic chain is used to link the azobenzene moiety
and the anchoring thiol group seems to be inconsistent with the
reported earlier general improvement'”™'¥*'7***573 of the
structure quality of aromatic SAMs upon insertion of the more

flexible aliphatic chain as a spacer between rigid aromatic
structure and the substrate. However, there are two important
aspects which question this seeming impression. First, the alkyl
chains were not linked to the aromatic moiety directly, as was
the case in the previous studies with the biphenyl or terphenyl
substitutions,”™ """ but via either ether’®™>**"™>7 or
amide®***° groups which typically distort the all-trans
conformation®’ essential for the odd—even effects.'®** Second,
in most cases, the alkyl linker was quite long in the context of
our analysis (e.g, n = 12),°> which potentially diminishes the
positive effect of the alkyl linker at a proper n.*> Therefore, in
the present study, we eliminate the above limitations and
investigate the structure of SAMs where the alkyl linker is short
enough (n = 3 or 4) and directly attached to the azobenzene
moiety (see Figure 1). By performing structural analysis and

N/’N

(SHa)n
SH n=34

Figure 1. Molecules used in this study. Azo-3 and Azo-4 acronyms
correspond to n = 3 and 4, respectively; Azo-n will be used as a joint
abbreviation for both molecules.

stability tests for these SAMs on the Au(111) and the Ag(111)
substrates, we demonstrate the applicability of the odd—even
effect concept to azobenzene-substituted monolayers, with a
particular emphasis on the possibility to form highly ordered
molecular films.

2. EXPERIMENTAL METHODS

2.1. SAM Preparation. The Azo-n compounds were
synthesized according to the protocols laid out in the
literature.”' The substrates were purchased from Georg Albert
PVD, Germany. They were prepared by thermal evaporation of
100 nm of gold or silver (99.99% purity) onto mica or polished
single-crystalline silicon (100) wafers (Silicon Sense) primed
with a S nm titanium adhesion layer. The mica substrates were
preliminarily annealed at 320 °C for 24 h prior to the metal
evaporation, done at the same temperature. The evaporated
films were polycrystalline, with a grain size of 20—50 nm for Si
or a terrace size of 100—200 nm for mica. Both grains and
terraces predominantly exhibit a (111) orientation.”®> The
SAMs were formed by immersion of freshly prepared substrates
into 1 mmol of solutions of Azo-n in absolute ethanol for 24 h
at either room (21 °C) or elevated (60 °C) temperature,
denoted as RT and ET below. After immersion, the samples
were carefully rinsed with pure ethanol, blown dry with argon,
and kept, in the case of the experiments at the synchrotron (see
below), for several days in argon-filled glass containers until
characterization. No evidence for impurities or oxidative
degradation products was found.

2.2. Characterization. The Azo-n SAMs were characterized
by scanning tunneling microscopy (STM), high-resolution X-
ray photoelectron spectroscopy (HRXPS), angle-resolved near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy,
and secondary ion mass spectroscopy (SIMS) and subjected to
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dedicated exchange experiments. All spectroscopic (HPXPS,
NEXAFS) and stability (SIMS, dedicated exchange) experi-
ments were performed on the samples prepared at 60 °C,
because of their superior structural ordering (see STM Analysis
below).

2.3. STM. The STM measurements were performed for the
Au(111) substrate only. In our experience, the quality of the
STM images for SAMs on silver is inferior to those for
gold,"*®* so that we refrained from any STM experiments for
the films on Ag(111). For the STM measurements, only the
gold films on mica were used. The Au substrates were flame
annealed in a butane—oxygen flame prior to SAM preparation.
The experiments were carried out in air at room temperature
using a DI Nanoscope IIla microscope. In all cases tips were
prepared mechanically by cutting a 0.25 mm Pt/Ir alloy (8:2,
Goodfellow) wire. Data were collected in constant current
mode using a tunnelling current of 20—30 pA and a sample bias
between 350 mV and 750 mV (sample positive).

2.4. HRXPS and NEXAFS Spectroscopy. The HRXPS
and NEXAFS spectroscopy experiments were performed at the
bending magnet beamline D1011 (bending magnet) at the
MAX 1II storage ring at the MAX-IV laboratory in Lund,
Sweden. The experiments were carried out under UHV
conditions at a base pressure < 1.5 X 107'° mbar. Special
care, including a limited exposure of a particular spot as well as
control measurements on reference samples, was taken to avoid
potential damage induced by the primary X-rays.*

The HRXP spectra were collected with a SCIENTA SES200
spectrometer. The spectra were acquired in normal emission
geometry at photon energies of 350 eV for the S 2p region, 350
and 580 eV for the C 1s range, and 580 eV for the N 1s region.
In addition, Au 4f and Ag 3d spectra were measured, and the O
1s range was monitored. The binding energy (BE) scale of
every spectrum was individually calibrated using the Au 4f;/,
emission line of alkanethiolate-covered Au substrate at 84.0
eV."” The energy resolution was better than 100 meV, which is
noticeably smaller than the full widths at half-maximum (fwhm)
of the photoemission peaks addressed in this study. The
accuracy of the BE/fwhm values is 0.02—0.03 eV. They were
determined within a fitting procedure (symmetric Voigt
functions and either a Shirley-type or linear background),
along with the intensities of the emission peaks.

The latter values were used to derive the effective thickness
of the Azo-n monolayers. The thickness was determined on the
basis of either C 1s/Au 4f or C 1s/Ag 3d intensity ratios,68
assuming a standard exponential attenuation of the photo-
electron signal® and using the attenuation lengths typical of
monomolecular films.”” The spectrometer specific constants
were determined using dodecanethiolate (DDT) and hexade-
canethiolate (HDT) SAMs of well-known thicknesses as
references.

The acquisition of the NEXAFS spectra was carried out at
the carbon and nitrogen K-edges in the partial electron yield
mode with retarding voltages of —150 and —300 V,
respectively. Linear polarized synchrotron light with a polar-
ization factor of ~95% was used. The energy resolution was
better than 100 meV. The incidence angle of the X-ray light was
varied from 90° (E vector in the surface plane) to 20° (E vector
nearly normal to the surface) in steps of 10—20° to monitor the
orientational order of the Azo-n molecules within the films.
This approach is based on the linear dichroism in X-ray
absorption, ie., the strong dependence of the cross-section of
the resonant photoexcitation process on the orientation of the

25931

electric field vector of the linearly polarized light with respect to
the molecular orbital of interest.”"

The raw NEXAFS spectra were normalized to the incident
photon flux by division through a spectrum of a clean, freshly
sputtered gold sample, which was considered as the trans-
mission of the beamline. In the case of Ag substrate, a spectrum
of clean silver was subtracted from the raw spectrum of a SAM
sample before normalization to correct for the difference in the
electron yield between Ag and Au. Further, the spectra were
reduced to the standard form by subtracting linear pre-edge
background and normalizing to the unity edge jump
(determined by a nearly horizontal plateau 40—50 eV above
the respective absorption edges). The energy scale was
referenced to the pronounced 7, * resonance of highly oriented
pyrolytic graphite (HOPG) at 285.38 €V’” in combination with
the well-known Ahv o« (hv)*?* behavior of plane grating
monochromators.”” The accuracy of the resultant energy
positions are expected to be +0.05 eV.

The spectroscopic experiments were repeated several times
on the individually prepared Azo-n SAMs with similar results.
These experiments included additional XPS and NEXAFS
measurements which were performed at the HE-SGM beamline
of the synchrotron storage ring BESSY II in Berlin, Germany.
The parameters of the beamline and experimental station can
be found elsewhere.”* A similar procedure as at the MAX-IV
laboratory in Lund, Sweden, was applied.

2.5. Exchange Experiments. The relative stability of the
Az0-3 and Azo-4 monolayers on Au(111) and Ag(111)
substrates was probed by dedicated exchange experiments.
The exchange process was performed by immersion of freshly
prepared samples in the 1 mM ethanolic solution of 16-
mercaptohexadecanoic acid, HS—(CH,),;s—COOH (MHDA),
at room temperature. The progress of the exchange reaction
was monitored by consecutive measurements of the advancing
water contact angle. The measurements were carried out with a
Rame-Hart goniometer, model 200, using ultrapure water (~18
MQ). The experiments were performed under ambient
conditions (temperature = 21 °C, humidity = 25%) with the
needle tip in contact with the drop. Averaged values of at least
100 measurements at a few different locations on each sample
are reported.

2.6. SIMS. The SIMS experiments were performed using a
TOF SIMS V system (ION TOF GmbH, Germany) operated
at a base pressure of 5 X 107" mbar. The primary ion beam (30
keV Bi") was scanned over a 500 ym X S00 ym area during
data acquisition. All data were acquired under static SIMS (S-
SIMS) conditions using a total ion dose of up to 7 X 10'° jons/
cm?, which, for this kind of SAMs, ensures analysis with
negligible ion-induced damage.”> The secondary ions were
extracted into a reflectron time-of-flight mass spectrometer
before reaching the MCP detector. For each type of the SAM,
three different areas on three different samples were examined
with a reproducibility of ~10% in the peak intensities. Before
analysis all spectra were normalized to the respective total
counts number.

3. RESULTS

3.1. Microscopic Analysis (STM). STM data obtained for
Azo-3/Au(111) are presented in Figure 2. The overall
morphology of the samples prepared at RT and ET is shown
in Figure 2a and 2b, respectively. The comparison of both
images (obtained at the same scale) indicates a substantial
increase of the average size of structural domains from ca. 5—10
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Figure 2. STM data for Azo-3/Au(111). STM images at different scale
for the SAMs prepared at room temperature (a) and 60 °C (b—e).
Yellow arrows in ¢ and d mark the orientation of the rotational
domains. White arrows in d indicate location and direction of bright
bands (see text for details). The red parallelogram in e marks the
oblique (2\/ 3 X 1.14\/ 3)R30° unit cell schematically presented in g
together with the corresponding herringbone arrangement of the
azobenzene moieties. Heights profiles A and B presented in f are taken
along the yellow lines depicted in e.

nm for the RT preparation to ca. 30—50 nm for the ET
incubation. Considering the higher structural order of the
samples prepared at ET as compared to the RT procedure, all
further STM analysis was performed for the former case. A
representative high-resolution image presented in Figure 2c
exhibits well-defined molecular structure with a characteristic
stripe pattern of individual domains, strictly following the 112
high-symmetry directions of the underlying Au(111) substrate.
An STM image obtained at an intermediate scale (Figure 2d)
reveals that this stripe pattern exhibits additional STM contrast
variation in the form of much less regular and wider bright
bands (indicated by the white arrows) appearing at a fixed angle
of 60° with respect to each other (as marked by the yellow
arrows), ie., following other equivalent 112 high-symmetry
directions of the Au(111) substrate. A molecular resolved
image shown in Figure 2e allows for identification of the
oblique unit cell depicted in red. The characteristic dimensions
of this cell, with a = 0.57 + 0.03 nm and b = 1.05 + 0.05 nm,
are depicted in height profiles A and B taken in Figure 2e and

presented in Figure 2f. The respective unit cell can be described
as an oblique (2 \/ 3 X 1.14\/ 3)R30° structure which is slightly
incommensurate with the Au(111) substrate along the a vector.
With two molecules per unit cell, the molecular footprint for
this structure amounts to 0.246 nm> A schematic cartoon with
possible herringbone arrangement of the Azo-3 molecules in
such a 2D lattice is shown in Figure 2g (for the sake of clarity,
individual molecules are presented either as a phenyl ring or as
a gray or black circle).

The analogous STM data collected for the Azo-4 monolayer
are presented in Figure 3. As documented by the images shown
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Figure 3. STM data for Azo-4/Au(111). STM images at different scale
for the SAMs prepared at room temperature (a) and 60 °C (b—e).
The red parallelogram in ¢ marks the oblique (2\/ 3 X 1.3\/ 3)R30°
unit cell schematically presented in g together with the corresponding
herringbone arrangement of the azobenzene moieties. Heights profiles
A and B presented in e are taken along the yellow lines depicted in c.
The height profile C presented in f is taken along the yellow line
depicted in d (see text for details). White arrows in d indicate location
of line defects.

in Figure 3a and 3b, the preparation of Azo-4/Au(111) at 60
°C results in a larger size of rotational domains (30—50 nm) as
compared to the RT procedure (5—10 nm), similarly to the
Az0-3/Au(111) case. Molecularly resolved images obtained for
Azo0-4/Au(111) prepared at 60 °C (Figure 3c and 3d) reveal a
similarly striped structure as that observed for the Azo-3 film,
with a well-defined oblique unit cell marked in red in Figure 3c.
The averaged dimensions of this unit cell, a = 0.65 + 0.03 nm
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and b = 1.05 + 0.05 nm, calculated from the height profiles A
and B marked in Figure 3¢ and presented in Figure 3e, are close
to the oblique (24/3 X 1.31/3)R30° structure which is
incommensurate with the Au(111) substrate along the a unit
cell vector. A larger size of this unit cell along the a vector, as
compared to the (24/3 X 1.144/3)R30° arrangement for Azo-
3/Au(111), results in a molecular footprint of 0.281 nm? The
image presented in Figure 3d reveals an additional feature of
the Azo-4/Au(111) structure, i.e., defect lines (indicated by the
white arrows in Figure 3d) crossing the characteristic striped
structure at a fixed angle of 60° ie, following another
equivalent 112 high-symmetry direction of the Au(111)
substrate. The height profile C taken from the image in Figure
3d is presented in Figure 3f; this profile intersects the defect
lines along the striped structure. Analysis of the profile shows
that formation of the defect lines is not only associated with the
modification of the apparent height of the molecules (which
enables the identification) but, even more important, with the
ca. 10% increase in the spacing between the molecules along
the unit cell vector a, ie., from 0.65 (indicated in Figure 3f by
a) to 0.71 nm (indicated in this figure by a*). A schematic
cartoon illustrating a possible herringbone arrangement of the
Azo-4 molecules in the incommensurate oblique (2\/ 3 X
1.30\/ 3)R30° structure is shown in Figure 2g (for the sake of
clarity, individual molecules are presented either as a phenyl
ring or as a gray or black circle). We would like to point out
that structural models for Azo-3(4) adsorption on the Au(111)
surface are based on an unreconstructed Au(111) surface. Note
that several different models of surface reconstruction upon
thiol adsorption have been proposed so far for Au(111);”°~%
however, in most cases, adsorption of ultimately short
methanethiol molecules was considered. The intermolecular
interactions were, thus, mostly neglected, in contrast to the case
of much longer molecules investigated in our study. One can
expect that a significant contribution of intermolecular
interactions for Azo-3(4)/Au(111) SAMs to the overall
energetics of the monolayer most probably influences the
exact form of the Au(111) reconstruction®"** to the point
which remains unknown at the moment. Therefore, to indicate
some basic correlations between the Au(111) substrate and the
structure of the Azo-3(4) SAM, a simple unreconstructed
surface was considered in the present analysis.

3.2. Spectroscopic Analysis (XPS and NEXAFS). The S
2p, C 1s, and N 1s HRXP spectra of Azo-3/Au(111) and Azo-
4/Au(111) are presented in Figure 4. The S 2p spectra in
Figure 4a exhibit a single S 2ps,,,,,, doublet at 162.0 eV (S
2p;/,) commonly assigned to the thiolate moieties,”*** with no
traces of atomic sulfur, disulfide, unbound thiol, or oxidative
species. This means that the molecules in the Azo-n films are
attached to the Au(111) substrate via the thiolate anchor,
corresponding to the typical SAM/Au(111) architecture. The
C Is spectra of Azo-n/Au(111) in Figure 4b exhibit a single,
slightly asymmetric emission at a BE of 284.1—284.2 eV, with
no trace of contamination such as CO or COOH. The emission
stems predominantly from the azobenzene moiety since the C
1s signal from the short aliphatic linker is strongly attenuated at
the given photon energy.”* The asymmetry of the C 1s
emission is most likely related to the electronegativity of the
azo bridge nitrogen affecting the adjacent carbon atoms, which
results in the appearance of a shoulder at the high BE side of
the main peak.”> A superposition of the main peak and the
shoulder results then in an appearance of the joint asymmetric
peak. The N 1s spectra of Azo-n/Au(111) in Figure 4c exhibit a
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Figure 4. S 2p (a), C 1s (b), and N 1s (c) HRXP spectra of Azo-3/Au
and Azo-4/Au. Photon energies are given in the panels.

single, symmetric emission at a BE of 399.3—399.4 eV, assigned
to the nitrogen atoms of the azobenzene moiety.””*’

The intensities of both C 1s and N 1s signals for Azo-3/
Au(111) are somewhat higher than the respective intensities for
Azo-4/Au(111), which suggest, in agreement with the STM
data (see previous section), higher packing density for the
former monolayer. Accordingly, a fingerprint of the packing
density—effective thickness—was found to be 1.5 and 1.3 nm
for Azo-3/Au(111) and Azo-4/Au(111), respectively, with the
former value being noticeably higher than the latter in spite of
the smaller molecular length of Azo-3 (1.46 nm) compared to
Azo-4 (1.58 nm). On the basis of the above values, the
difference in the packing density between the Azo-3/Au and
the Azo-4/Au films on Au(111) could be estimated at ca. 14—
15%, which is in excellent agreement with the STM-derived
value (~14%).

Note that apart from the packing density difference, the
effective thickness values for the Azo-3 and Azo-4 films on
Au(111) are more or less close to the respective molecular
lengths plus the length of the S—Au bond (0.24 nm),**"
assuming an upright molecular orientation in both monolayers.
The difference between the thickness and the molecular length
is larger for Azo-4/Au(111) as compared to Azo-3/Au(111),
suggesting a larger molecular inclination.

C and N K-edge NEXAFS spectra of the Azo-n films on
Au(111) are presented in Figures S and 6, respectively. In
Figures 5a and 6a, the spectra acquired at the so-called magic
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Figure S. C K-edge NEXAFS spectra of Azo-3/Au and Azo-4/Au
acquired at an X-ray incident angle of 55° (a), along with the
respective difference between the spectra collected under the normal
(90°) and grazing (20°) incidence geometry (b). Individual
resonances are marked by numbers (see text for assignments).
Horizontal dashed lines in b correspond to zero.
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Figure 6. N K-edge NEXAFS spectra of Azo-3/Au and Azo-4/Au
acquired at an X-ray incident angle of 55° (a), along with the
respective difference between the spectra collected under the normal
(90°) and grazing (20°) incidence geometry (b). Individual
resonances are marked by numbers (see text for assignments).
Horizontal dashed lines in b correspond to zero.

angle of X-ray incidence (55°) are shown; these spectra are not
affected by any effects related to molecular orientation and are,
therefore, exclusively representative of the chemical composi-
tion of the investigated samples.”' In Figures Sb and 6b, the
differences between the spectra collected at X-ray incidence

angles of 90° and 20° are shown for both Azo-3/Au(111) and
Azo0-4/Au(111); such difference curves are a convenient way to
monitor molecular orientation in organic films, relying on the
linear dichroism effects in X-ray absorption (see section 2).”"

The 55 °C K-edge spectra of the Azo-n films on Au(111) in
Figure Sa exhibit an absorption edge related to the excitation of
the C 1s electrons into the continuum states and the
characteristic absorption resonances. The spectra are domi-
nated by the pronounced, asymmetric 7* resonance of the
azobenzene moiety at ~285.15 eV (1). Such an asymmetry is
typical for azobenzene®*”*>** and related to a superposition
of the C 1s to LUMO, LUMO+1, and LUMO+2 transitions
merged in the joint resonance.**” This feature is accompanied
by a Rydberg resonance (R¥) near 287.0 eV (2),>** a further
m*-like resonance of azobenzene at ~289.0 eV (3; C 1s —
LUMO+4),%" as well as several broad ¢* resonances at higher
photon energies (4—6). Note that the resonance at 287.0 eV
(2) can also be alternatively described as a #* feature and
assigned to the C 1s — LUMO+3 transition.*® Note also that
the resonances associated with the aliphatic linkers are hardly
perceptible in the C K-edge spectra because of the small length
of this unit and the attenuation of the respective signal by the
azobenzene overlayer.

Characteristic absorption features of the azobenzene moiety
were also observed at the N K-edge. The spectra of the Azo-n
films in Figure 6a are dominated by a strong 7™ resonance at
~398.3 eV (1) associated with the N 1s = LUMO transition.*®
This feature is accompanied by several weaker 7* resonances at
~400.9 (2) and 402.3 eV (3) corresponding to the N Is —
LUMO+3 (2) and N 1s — LUMO+4 (3) transitions®® as well
as by several broad 7 resonances at higher photon energies
(4—6). In contrast, the N 1s —» LUMO+1 and N 1s - LUMO
+2 features are not observed at the N K-edge, which suggests
that the respective orbitals are located mainly at the phenyl
rings and not at the azo bridge.*

Both C and N K-edge NEXAFS spectra of the Azo-n films on
Au(111) exhibit pronounced linear dichroism as evidenced by
the characteristic peaks at the positions of the absorption
resonances in Figures Sa and 6a. This is a clear signature of
orientational order. In addition, the positive sign of the
observed difference peaks for the 7z* resonances implies an
upright orientation of the molecular constituents in the
monolayers in view of the fact that the 7* orbitals are directed
perpendicular to the molecular backbone. The opposite
situation, with a negative sign of the difference peaks, occurs
for the o* orbitals, directed along the molecular backbone,
supporting the statement about upright molecular orientation,
in good agreement with the HRXPS data (see previous
section).

Along with the above qualitative considerations, a
quantitative analysis of the entire set of C and N—K-edge
NEXAFS spectra of the Azo-n films on Au(111) acquired at
different angles of X-ray incidence was performed. For this
analysis we used the most prominent ,* resonances at both
edges and the standard theoretical framework for vector-type
orbitals.”"”® The derived average tilt angles of the 7* orbitals
representative mostly of the phenyl rings (from the C K-edge
data) and exclusively of the N=N bridge (from the N K-edge
data) are compiled in Table 1, together with some relevant
STM and HRXPS results. There are two important findings
related to the angle values. First, the average tilt angle of the
ring orbitals is close to that of the N=N bridge for both Azo-
3/Au and Azo-4/Au assuming a close-to-planar, trans
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Table 1. Overview of the Parameters for the Azo-n Films on Au(111) and Ag (111)“

effective thickness (A)

molecular footprint (nm?)

system (STM) (HRXPS)
Azo0-3/Au 0.246 15.0
Azo-4/Au 0.281 13.0
Az0-3/Ag 12.9
Azo-4/Ag 15.5

tilt 7z;* phenyl tilt 7% N=N molecular tilt
(NEXAFS) (NEXAFS) (NEXAFS)
70.5° 75.7° 20°
s7° 60° 37°
63.5° 64.5° 31°
70.5° 70.5° 23°

“Molecular lengths of Azo-3 and Azo-4 are 1.46 and 1.58 nm, respectively. The error of the angle values is +3°.

conformation for the majority of the molecules in the respective
monolayers. Second, the tilt angles for the 7* orbitals of Azo-3/
Au are noticeably larger than those for Azo-4/Au, suggesting a
smaller molecular inclination in the former case, in full
agreement with the HRXPS data.

The tilt angles for the 7* orbitals can be used to calculate the
average tilt angles of the molecular backbones as far as the so-
called twist angle 7, 0% describing the rotation of the backbone
along the molecular axis in relation to the tilt direction, is
known; see Figure 7 where a schematic drawing of the Azo-3
molecule is given, representative also for the Azo-4 case. The
twist angle can only be measured directly or derived indirectly
in selected situations*>**”' ™ but can be reasonably assumed
to be close to that derived for similar azobenzene-substituted

Figure 7. Schematic drawing of the orientation of the Azo-3 molecules
in the trans conformation, representative also of Azo-4/Au. The
phenyl rings and N=N bridge are considered to be coplanar, so that
the 7* orbitals of the bridge (blue) are parallel to the 7, 7p* orbitals of
the rings (black). The backbone tilt angle # and twist angle y describe
the molecular orientation. The 7* orbitals are perpendicular to the
molecular plane; the respective transition dipole moment TDM,, is
shown as a violet arrow; its orientation is given by the angle a. At y =
0, TDM,, lies in the plane spanned by the z axis and the axis of the
azobenzene unit (red arrow). Angles are related by the equation, cos &
= sin f# X cos y (see ref 14 for details).

monolayers, ie, ~32°° Surprisingly, this value coincides
practic)illy with the analogous value for the bulk biphenyl
(32°).°

The average tilt angles of the azobenzene backbones in the
Azo-n films on Au(111), calculated within the above
assumption regarding the molecular twist, are compiled in
Table 1. Accordingly, the molecular inclination in Azo-3/
Au(111) (~20°) is noticeably smaller than that in Azo-4/
Au(111) (37°), in full agreement with the smaller molecular
footprint and larger effective thickness (see Table 1).

Analogous spectroscopic experiments were also performed
for the Azo-n SAMs on Ag(111). The HRXPS and NEXAFS
spectra of these films were very similar to the analogous spectra
for the monolayers on Au (Figures 4—6), apart from the
intensity relations (HRXPS) and linear dichroism behavior
(NEXAFS spectroscopy). The most important (in context of
the present study) spectroscopic data for Azo-n/Ag(111) are
compiled in Figure 8. As seen in Figure 8a, where the C 1s
HRXP spectra are presented, the intensity of the C 1s signal is
noticeably higher for Azo-4/Ag(111) compared to Azo-3/
Ag(111). The derived effective thicknesses, compiled in Table
1, are 1.55 and 1.29 nm, respectively. The difference between
these values is too large to be explained by the presence of the
additional methylene group in the alkyl linker of the Azo-4
molecule compared to the Azo-3 moiety. Consequently, the
HRXPS data suggest a higher packing density in the former
case than in the latter, which is an inverse behavior compared to
the films on the Au(111) substrate (see Figure 4b and 4c as
well as Table 1).

The difference NEXAFS spectra, at both the C and the N K-
edge, in Figure 8a and 8b, respectively, exhibit a similar, inverse
behavior compared to the films on the Au(111) substrate (see
Figures Sb and 6b). Indeed, the amplitude of the difference
peaks at the positions of the characteristic absorption
resonances is higher for Azo-4/Ag(111) compared to Azo-3/
Ag(111), suggesting smaller molecular inclination in the former
case. The derived angles of the 7;* orbitals are compiled in
Table 1. Similar to the Au(111) case, the C-edge and N K-edge
derived values are close to each other for both monolayers
studied, suggesting a close-to-planar, trans conformation for the
majority of the SAM constituents on Ag(111) as well. At the
same time, in contrast to the films on Au(111), the tilt angle of
the m* orbitals in Azo-4/Ag(111) is larger than in Azo-3/
Ag(111), suggesting, in view of the orientation of these orbitals,
a smaller molecular inclination in the former case. Accordingly,
the average molecular tilt angles in Azo-3/Ag(111) and Azo-4/
Ag(111) were estimated at 31° and 23°, respectively (see Table
1), exhibiting the inverse behavior with respect to the parity of
n as compared to the films on Au(111).

3.3. Stability Analysis (Exchange Experiments and S-
SIMS). The results of the exchange experiments for the Azo-n
SAMs on Au(111) and Ag(111) are presented in Figure 9.
Figure 9a shows advancing water contact angle (WCA) values
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Figure 8. C 1s HRXP spectra (a) as well as the difference between the
C K-edge (b) and the N K-edge (c) NEXAFS spectra collected under
the normal (90°) and grazing (20°) incidence geometry for the Azo-n
SAMs on Ag(111).

recorded for the Azo-3/Au(111) and Azo-4/Au(111) samples
during their incubation in 1 mM ethanolic solution of the
MHDA molecules terminated by the hydrophilic —COOH
group. For the pristine Azo-n films (i.e., at an incubation time
of 0 h), the WCA value for Azo-3/Au(111) (~88°) is slightly
higher than that for Azo-4/Au(111) (~85°), in agreement with
previous reports.”’ However, the analysis of the WCA values as
a function of the incubation time in the MHDA solution shows
drastic differences between Azo-3/Au(111) and Azo-4/
Au(111). Whereas in the former case the WCA changed only
slightly from an initial value of ~88° to ~83°, after 22 h a much
stronger decrease from an initial value of ~85° down to ~70°
was observed for the latter case. On the basis of the above data,
changes in the molecular composition were calculated
according to the Cassie equation”

cos O =f, cosby + fy cosby; f, +f, =1

which describes the effective contact angle value . for a surface
covered by fractions f, and f3 of the materials A and B, the neat
surfaces of which would expose contact angle values of 6, and
0O, respectively. The results of the calculations are presented in

Figure 9b as functions of the incubation time in the MHDA
solution (the WCA value measured for the pristine MHDA
SAMs on Au(111) and Ag(111) surface was ~60°, similar to
that reported in a previous study’®). As shown in this figure,
there is about 20% exchange between the MHDA molecules in
solution and the Azo-3 molecules in the SAM on Au(111)
during the entire reaction time of 22 h. In contrast, for Azo-4/
Au(111), an analogous analysis yields a much higher extent of
exchange of about 65%. Analogous experiments have also been
conducted for the Azo-n SAMs on Ag(111). The respective
WCA data are presented in Figure 9c. For the pristine Azo-n
films, the WCA values for both samples were quite similar, i.e.,
in the range of 95°, which is somewhat higher as compared to
these monolayers on the Au(111) substrate. The analysis of the
WCA as a function of the incubation time in the MHDA
solution shows much smaller and reverse differences between
the Azo-3 and the Azo-4 samples as compared to analogous
measurements on the Au(111) substrate. An estimate of the
extent of exchange during the entire incubation time (22 h) on
the basis of the Cassie equation gives ~57% and ~42% in the
case of Azo-3/Ag(111) and Azo-4/Ag(111), respectively
(Figure 9d). Thus, Azo-3/Ag(111) is more stable with respect
to the exchange reaction, exhibiting an inverse behavior as
compared to the case of Au(111).

A second stability test was conducted by using the S-SIMS
technique, which recently proved to be extremely useful in
determination of the relative stability at the SAM-—metal
interface.”””” Mass spectra of both negative and positive
secondary ions for the Azo-n SAMs on Au(111) and Ag(111)
are presented in Figures S1 and S2 in the Supporting
Information. These spectra exhibit secondary ion signals typical
of SAMs on metal substrate, ie., sulfur—metal clusters (having
the general form of [Au,S,]™ or [Ag,S,]”), different molecular
fragments, and metal-molecule clusters (having the general
form of [MxAuy]_ or [MxAgy]_, with M = C(H,—N=N-—
C¢H,—(CH,);(4)S). We focused first on the positive secondary
molecular ions related to the Azo-3 and Azo-4 molecules.
Unfortunately, for both Au(111) and Ag(111) substrates, the
signal corresponding to the complete molecular ion, [M]* =
[CsHs—N=N—-C¢H,—(CH,);(yS]", is very weak, so that a
quantitative analysis was not possible. However, sufficiently
high signals could be measured for positive ions associated with
the desulfurized fragments ([M — S]* = [C,H,—~N=N-
C¢H,—(CH,);3(4)]") emitted as a result of the ion-impact-
induced breaking of the S—C bond. The relative intensities of
this particular ion for Azo-3/Au(111) and Azo-4/Au(111) are
presented in Figure 10a, with ca. 65% higher signal in the
former case. In contrast, for the Ag(111) substrate (Figure
10b), the emission of the [M — S]* ion from the Azo-3 film is
ca. 30% lower as compared to the Azo-4 monolayer.

Similar odd—even effects were also visible in the emission of
the secondary ions associated with the molecule—substrate
clusters, in our case [M,Au,]” or [M,Ag]™. Emission of such
clusters is known to be typical of SAMs on noble metal
substrates.”* """ In the present case, a sufficiently strong signal
was measured for the [M,Au(Ag)]™ ions. As documented by
the data shown in Figure 10c, the odd—even effect is
particularly strong for the Au substrate where the [M,Au]”
signal measured for the Azo-4 SAM is only ~20% of the
analogousl signal measured for the Azo-3 monolayer. For
Ag(111) (Figure 10d), the inverse behavior was observed:
similar to the backbone ions analyzed above, a higher (by ca.
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17%) signal was measured for the Azo-4 SAM as compared to
the Azo-3 monolayer.

4. DISCUSSION

Both microscopic and spectroscopic data exhibit pronounced
and well-reproducible odd—even effects in the packing density
and molecular inclinations of the Azo-n SAMs on Au(111) and
Ag(111).

We start a detailed discussion with a structural analysis of the
Az0-3 and Azo-4 films on Au(111). The STM data obtained for
Az0-3/Au(111) indicate formation of a very well ordered (2 \/ 3
X 1.14\/ 3)R30° lattice which is close to the commensurate
(2\/ 3 X \/ 3)R30° structure reported ;)reviously for the odd-
numbered biphenyl-'>'? and terphenyl'’-substituted AT SAMs.
The (2\/3 X 1.14\/3)R30° arrangement in Azo-3/Au(111)
can be com}l)ared to the monoclinic lattice of azobenzene in the
bulk state.'”* Within this layered structure, azobenzene
molecules form a herringbone packing in the (001) plane.'"*
The oblique, two-dimensional unit cell of such a herringbone
arrangement can be described by the vectors a = 0.578 nm and
b = 1.348 nm defined as in the corresponding (2\/ 3 X
1.14\/3)R30° lattice of Azo-3/Au(111) (a = 0.568 nm and b =
0.997 nm). A comparison of these two structures clearly shows
that along the a vector both structures are essentially identical
within the precision of our STM data. In contrast, along the b
vector, the Azo-3/Au(111) lattice is significantly shorter as
compared to the bulk arrangement. As a result, the molecular
footprint associated with the azobenzene moieties within the
(001) plane of the bulk crystal amounts to ca. 0.353 nm?, which
is ca, 43% larger as compared to the analogous value for the
(2\/3 X 1.14\/3)R30° lattice of Azo-3/Au(111). On first sight
this is quite a surprising result, as one would expect much lower
if any differences. However, the molecular footprint is not the
only parameter which one needs to consider on comparing the
structure of Azo-3/Au(111) with the (001) crystal plane of
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bulk azobenzene. Another important factor is the tilt angle of
the molecular backbone. In this context, we note that the large
molecular footprint of azobenzene molecules in the (001)
crystal plane of bulk azobenzene is associated with a quite large
tilt angle of 54° measured with respect to the normal to the
(001) plane."”* Accordingly, the much smaller footprint in Azo-
3/Au(111) can be associated with the much smaller molecular
tilt which, according to the NEXAFS data, amounts to only
~20°. Considering the molecular footprint, tilt angle, and
length of the azobenzene unit (1.097 nm)"'%* together, one can
calculate the volume per azobenzene molecule in the (001)
layer of bulk azobenzene (0.227 nm®) and compare it with the
corresponding volume (~0.253 nm®) per azobenzene moiety in
Az0-3/Au(111). Both values are quite similar, even though the
latter one is slightly (by ca. 10%) higher. We therefore conclude
that both the packing motive (herringbone pattern) as well as
the volume density of the azobenzene moieties in the Azo-3
SAMs on Au(111) mimic those in the (001) plane of the
azobenzene crystal with, however, modification of the 2D unit
cell dimensions along the b vector and the associated change in
the molecular tilt to adjust to the Au(111) substrate lattice
along this direction. In contrast, along the short a vector, which
defines the spacing to the next neighbors, the azobenzene
moieties in the SAM preserve the distance characteristic of the
bulk crystal and, thus, form, in this direction, an incom-
mensurate structure with the Au(111) substrate. Such unidirec-
tional mismatch leads to the appearance of surface stress that
has to be relaxed by, e.g,, formation of line defects crossing the
ordered domains at characteristic angle to the direction of the a
vector. Indeed, supporting such a prediction and our general
considerations, the STM images reveal additional features in
the form of bright bands which cross the (2 \/3 X
1.14\/ 3)R30° structure at a fixed angle of 60° with respect
to the a vector, ie, along another equivalent 112 high-
symmetry direction of the Au(111) substrate. Importantly,
formation of such bright bands does not disturb the molecular
lattice as follows from the STM data. Note that the same effect
has been observed before for odd-numbered biphenyl-
terminated alkanethiols'’ and alkaneselenols’’ on Au(111)
substrate. We attribute this additional pattern to the domain
boundaries (solitons in Frenkel—Kontorova model'®) at the
molecule—substrate interface as a form of stress relaxation in
hybrid araliphatic SAMs."” As proposed in the previous study, '’
the presence of the aliphatic linker between the aromatic
moiety and the substrate gives the possibility to leave the
aromatic structure to a large extent unaffected and relax this
stress by a combination of factors involving conformational
degrees of freedom of the spacer and deviations of the
headgroup (thiolate) lattice from a perfect commensurate
structure, which leads to formation of additional domain
boundaries (solitons) at the SAM—substrate interface.

The STM data obtained for the Azo-4/Au(111) sample show
formation of the incommensurate (2\/ 3 X 130 \/ 3)R30°
lattice (Figure 3). The change in the parity of the number of
the CH, units in the aliphatic linker from odd to even resulted
in a significant structural distortion of the molecular structure as
compared to Azo-3/Au(111). The intermolecular spacing along
the a vector increased from 0.57 to 0.65 nm, which makes this
structure even more expanded than in the Azo-3 case.
Importantly, in contrast to the Azo-3/Au(111) lattice, this
spacing is also inconsistent with the respective distance (0.578
nm) in the (001) plane of bulk azobenzene. Thus, in this case
we have a structure which, along the a vector, fits neither with

the substrate nor with the molecular crystal lattice. As a result,
significant unidirectional stress can appear, with relaxation via
formation of line defects which should cross the ordered
molecular domains at a characteristic angle to the direction of
the a vector. This assumption is again fully consistent with the
STM data (Figure 3d and 3f), which indeed show formation of
a dense network of line defects crossing the (2\/ 3 X
1.30\/ 3)R30° structure at a fixed angle of 60° with respect
to the a vector, ie, along another equivalent 112 high-
symmetry direction of the Au(111) substrate. Importantly, the
orientation of these line defects with respect to the molecular
lattice is exactly the same as in the case of Azo-3/Au(111), but
their nature is fundamentally different. Whereas in the latter
case these defects are in the form of domain boundaries
(solitons) at the SAM—substrate interface, with no distortion of
the molecular structure, this structure is directly affected by the
defects for Azo-4/Au(111). One can then assume that the
stress relaxation via conformational degrees of freedom of the
spacer and/or deviations of the headgroup lattice would be
insufficient for the stress release in the Azo-4 monolayers. This
makes relaxation via breaking the periodicity of the molecular
structure necessary.

The molecular footprint in Azo-4/Au(111) (~0.281 nm?) is
larger than that in Azo-3/Au(111) (~0.246 nm?). A respective
difference of ca. 14% is fully consistent with the HRXPS data
which show ca. 14—15% lower effective thickness of the former
film compared to the latter, corresponding to a lower packing
density and, consequently, larger molecular footprint in Azo-4/
Au(111). At the same time, this footprint, similarly to the case
of Azo-3/Au(111), is much smaller as compared to the
respective value for the (001) plane of bulk azobenzene (0.353
nm?). As discussed above, considering additionally the tilt angle
(~37°) of the azobenzene moiety in Azo-4/Au(111) obtained
from the NEXAFS data (Table 1), one can compare the volume
per azobenzene moiety in this structure (~0.246 nm®) with the
respective values for Azo-3/Au(111) (~0.253 nm®) and the
(001) plane of the bulk azobenzene (0.227 nm?®). This
comparison shows that the values obtained for both types of
monolayers are very similar and, as mentioned above,
somewhat lower (ca. 10%) than in the crystal structure.

In the second set of experiments, the relative stability of the
Az0-3 and Azo-4 SAMs was studied using two independent
methods, i.e., dedicated exchange experiments and ion-induced
desorption. In the case of the Au(111) substrate, the exchange
experiments exhibited much higher stability of the Azo-3 SAM
toward the exchange by the MHDA molecules than for the
Azo-4 monolayer. This odd—even effect in stability is fully
consistent with the results of the microscopic and spectroscopic
structural analysis showing higher packing density and lower
concentration of defects in the Azo-3 film as compared to the
Azo0-4 monolayer. Since the exchange process involves cleavage
of the bond between the Azo-n molecules and the substrate
(Au—S), higher stability of this bond for Azo-3/Au(111) as
compared to Azo-4/Au(111) can be assumed. This conclusion
is additionally supported by the S-SIMS data. The [M — S]*
secondary ion, associated with the molecular backbone of Azo-
n, originates from cleavage of the S—C bond representing, thus,
a fingerprint of its stability.”>”” Significantly, this stability is
directly related to the stability of the adjacent S—Au bond
because of the redistribution of the electron density between
these bonds.”””” Accordingly, lower stability of the S—C bond
is accompanied by a higher stability of the S—Au bond and vice
versa. Thus, a higher intensity of the [M — S]* signal for Azo-
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3/Au(111) as compared to Azo-4/Au(111) indicates lower
stability of the C—S bond but higher stability of the S—Au bond
in the former case, fully consistent with the conclusion reached
on the basis of the exchange experiments. The odd—even
difference in stability of Azo-3/Au(111) and Azo-4/Au(111) is
also visible in relative intensity of [M,Au]” molecule—metal
clusters emission. This signal, which is a well-known fingerprint
of SAMs formation in S-SIMS technique, shows ca. 4 times
higher emission in the case of Azo-3/Au(111). Despite a much
more complicated scenario leading to its formation”™ the
existence of this ion relies on stability of the molecule—metal
bond; therefore, higher signal intensity for Azo-3/Au(111) can
be, tentatively, correlated with the higher stability of the S—Au
bonding for this SAM.

The close correlation of the exchange experiments and S-
SIMS data was also observed in the experiments performed for
the Azo-n SAMs on Ag(111). In this case, the exchange data
show the reverse (as compared to the Au substrate) but much
smaller difference in stability between the Azo-3 and the Azo-4
monolayers, with slightly higher stability for the latter film. This
observation is confirmed by the S-SIMS data, which show an
inverse, as compared to the case of Au(111), relation in the
intensity of both [M — S]* and [M,Ag]™ ions, indicating a
higher stability of the S—Ag bond for Azo-4/Ag(111) as
compared to Azo-3/Ag(111). This reversed but smaller odd—
even effect in the film stability for the Ag(111) substrate
correlates well with the structural data. In particular, the
NEXAFS results suggest not only inversion of the odd—even
effect, in terms of molecular inclination, at going from Au(111)
to Ag(111) but also its certain reduction, ie., an average tilt
angle difference of 8° for Ag(111) as compared to 17° for
Au(111). The reverse odd—even effect in the effective film
thickness is also clearly visible in the HRXPS data obtained for
the Azo-n films on Ag(111). However, in contrast to the tilt
angle and stability data, the odd—even difference in this
parameter is similar for the case of Au(111) and Ag(111)
substrates. We note here that the estimated odd—even
difference in the effective film thickness of ca. 0.20 nm for
the Au(111) and 0.25 nm for the Ag(111) substrates is in any
case small considering the quite limited precision of the
respective evaluation procedure, which is ca. +0.1 nm.

In the final part of our discussion we would like to address
the factors behind the structural odd—even effects observed for
the Azo-n monolayers on Au(111) and Ag(111) and their
apparent impact on the film stability. Following the
argumentation of the previous studies on biphenyl- and
terphenyl-substituted alkanethiol”™"® and alkaneselenol’' >
SAMs on the same substrates, the observed odd—even effects in
the Azo-n films can be related to the existence of so-called
bending potential, associated with a preferable geometry of the
substrate—S—C joint. This configuration is then transmitted, via
the all-trans-configured aliphatic linker, (CH,),, to the terminal
azobenzene moiety, with the parity of n being the decisive
parameter, defining the spatial orientation of the last segment of
the linker, mimicked by the adjacent azobenzene unit. Thus, the
molecular inclination of the azobenzene unit, given by the
average tilt angle, depends directly on the parity of #, as shown
schematically in Figure 11. Consequently, larger or smaller
inclination results in a larger or smaller intermolecular spacing
(Figure 11), respectively, as reflected in the molecular footprint
and the effective packing density.

Importantly, the preferred bonding configurations of the
headgroups are distinctly different for the Au(111) and

Azo-4
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Figure 11. Schematic presentation of the odd—even effect for the Azo-
3 and Azo-4 SAMs on Au(111) (top) and Ag(111) (bottom) with
indication of the corresponding changes in the molecular tilt and the
distances between the molecules (a and a’ are related to the Azo-3 and
Azo-4 adsorbates, respectively).

Ag(111) substrates, with the optimal values of the substrate—
S—C angle close to 104° and 180° respectively."*™"”
Accordingly, the phase of the odd—even effects with respect
to the parity of n should be reversed for the SAMs on Au(111)
and Ag(111) as was indeed reported for the biphenyl- and
terphenyl-substituted alkanethiols'*~"® and alkaneselenols.”' ~**
The same reversal is now observed for the Azo-n monolayers,
assuming the applicability of the above model also to these
systems as well as the generality of the odd—even behavior for
substituted alkanethiol and alkaneselenol monolayers on noble
metal substrates. To our knowledge the only reported
exceptions are anthracene-substituted SAMs, where the odd—
even effects are compensated by the rotation of the anthracene
backbone, attached nonsymmetrically to the headgroup.'*

A very important aspect of the odd—even effects is that the
preferable orientation, associated with the bending potential, is
not mimicked completely by the SAM constituents. Instead, the
bending potential enters the balance of the structure-building
interactions working either cooperatively or competitively with
them.”’ A cooperative balance occurs at the parity of
corresponding to the small molecular inclination of the
substitutions, correlating with the thermodynamical drive for
the dense molecular packing. A competitive situation takes
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place if the parity of n corresponds to the large molecular
inclination of the substitutions, diminishing the thermodynami-
cally favorable, dense molecular packing. In this case, an
intermediate structural configuration will be achieved, with a
deviation from the optimal substrate—S—C angle, hindering the
extent of the odd—even effects. Significantly, the deviation from
the optimal substrate—S—C angle will put some stress on the
substrate—S bond, resulting in the change of its energetics,"
which, along with the lower packing density, leads to lower
stability toward electrochemical desorption,”*** ion-induced
desorption,26 electron irradiation,”’ exchange reaction (ana-
logical to the one presented here),”**’ and thermally induced
phase transitions.”” > In all these experiments, probing
different aspects of film stability for biphenyl-terminated
alkanethiols and alkaneselenols on the Au(111) substrate,
higher stability of the odd-numbered homologues was
correlated with higher packing density (microscopic and
spectroscopic data) and higher stability of the Au—S bond
(exchange and ion desorption experiments) as compared to
even-numbered SAMs. The same effect is observed here for
Azo-n/Au(111). Since the molecule—substrate chemical
bonding and intermolecular interactions are considered to be
two main contributors to the SAMs energetics, the increase in
the strength and the number of Au—S bonds per unit area is
thus fully consistent with the enhanced stability of the odd-
numbered homologue. In the present study, however, an
additional factor affecting the film stability becomes perceptible,
contributing to the higher stability of the odd-numbered
homologue on the Au(111) substrate. It is the surface stress,
which is sufficiently low for Azo-3/Au(111) due to a partial
relaxation by formation of the solitons at the SAM—substrate
interface (see above), but apparently high for Azo-4/Au(111)
characterized by the distinctly noncommensurate structure,
with high density of line defects.

The odd—even effect in stability for the case of the Ag(111)
substrate has not been reported in the literature so far.
However, considering the close correlation between the
structural odd—even effect on the Au(111) substrate and the
respective odd—even effect in the film stability, an analogous
behavior could be expected for Ag(111) as well with, however,
reversed phase with respect to the parity of n. Indeed, the
presented exchange and ion desorption data obtained for the
Ag(111) substrate show reversed, as compared to the Au(111)
case, relation in stability between the odd- and the even-
numbered homologues. However, the odd—even effects in
stability observed for the Ag(111) substrate are smaller as
compared to the Au(111) case. Such a behavior can be
probably related to two factors: (i) a stronger S—Ag bond as
compared to the S—Au bond in aliphatic SAMs (concluded
from electrochemical desorption,'®” thermal desorption,'”
DFT calculations"'”) and (i) smaller corrugation of the S—
substrate binding energy hypersurface "' for Ag(111) as
compared to Au(111). The stronger S—substrate bond is more
difficult to disrupt, resulting in a smaller impact of the structural
odd—even effects on its stability. The smaller corrugation of the
S—substrate binding energy hypersurface can be associated with
a lower impact of a noncommensurate molecular arrangement
and lower surface stress, once again reducing the difference in
stability between the odd- and the even-numbered films on the
Ag(111) surface as compared to Au(111).

and

5. CONCLUSIONS

In summary, we performed a detailed structural analysis of
prototypical SAMs containing an azobenzene moiety linked to
the thiol headgroup via a short aliphatic spacer of variable
length, ie., (CH,); or (CH,),, corresponding to the different
parity of n. These SAMs were prepared on the Au(111) and
Ag(111) substrates. For both these substrates, a pronounced
and well-reproduced dependence of the packing density and
molecular inclination on the parity of n was observed. For
Au(111), higher packing density and smaller inclination of the
azobenzene moieties occurred for the films with n = odd as
compared to the case of the even n. For Ag(111), this relation
was reversed, i.e., higher packing density and lower molecular
inclination was found for the even-numbered system as
compared to the odd-numbered one. This behavior goes in
line with well-known odd—even effects in molecular assemblies,
reported previously for a variety of oligophenyl-substituted AT
SAMs and observed now for the azobenzene-substituted
monolayers as well. Such a finding underlines the generality
of these effects, related to the existence of the substrate-specific
bending potential at the substrate—headgroup—C joint and
representing an important factor for the design of functional
monolayers on metal and semiconductor substrates.

Detailed information about the molecular arrangements in
the azobenzene-substituted SAMs, including the parameters of
the unit cells and the character and density of defects, could be
obtained for the case of Au(111). On Ag(111), analogous
structures can be assumed, based on the similarity of the
spectroscopic results for the SAMs on both substrates
(considering lack of high-resolution STM data in this case,
part of this missing information could be provided by a future
diffraction study, e.g, LEED or grazing incidence XRD).
Considering quite dense molecular packing in all films studied,
a dominant trans conformation of the azobenzene moieties can
be expected.

In addition to the structural characterization, the stability of
the azobenzene-substituted SAMs was studied by exchange and
ion desorption experiments, probing specifically the substrate—
S bond. This stability exhibited the odd—even behavior as well,
ie., higher stability of the odd-numbered film on Au(111) and
the even-numbered film on Ag(111) as compared to their
counterparts with the different parity. Observed behavior
correlates perfectly with the structural odd—even effects, with
lower stability being a consequence of the stressed S—substrate
bond, lower surface coverage, and higher surface stress. The
odd—even effect in film stability is smaller for the Ag(111)
substrate as compared to Au(111,) which could be explained by
the higher S—substrate binding energy and lower corrugation of
the S—Ag(111) binding energy hypersurface as compared to
the S—Au(111).

The possibility to adjust the packing density of azobenzene-
substituted SAMs by using the odd—even effects can be of
importance for their isomerization behavior upon exposure to
UV and visible light, even though it is not clear whether the
respective packing density differences are large enough to
influence this behavior. The highly ordered molecular arrange-
ments in the Azo-3 and Azo-4 SAMs can be of both advantage
and disadvantage for the extent of isomerization, depending on
the realization of either individual or correlated (collective)
response to the external stimuli. This should be the subject of
further investigations, along with the effect of additional
tailgroups attached to the azobenzene moiety.
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ABSTRACT: The stability of chemical bonds at the molecule—
metal interface is of fundamental importance for a majority of
applications based on organic materials. It remains, however,
extremely difficult to determine this stability using experimental
and theoretical methods. A detailed analysis of the static SIMS (S-
SIMS) data obtained for the homologous series of thiolate- and
selenolate-based self-assembled monolayers (SAMs) on the
Ag(111) substrate reveals positional oscillations in the stability
of consecutive chemical bonds in the vicinity of the molecule—
metal interface. The observed oscillations are much more
pronounced compared to recently reported analogous data for
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the Au(111) substrate, which confirms the universal nature of this phenomenon and its strong dependence on the type of
molecule binding atom (S or Se) and the substrate (Ag or Au). Importantly, such an analysis has not been conducted to date
using any other technique, and this study not only reveals the universal mechanisms of molecule—metal interface stability but also

presents S-SIMS as a unique tool for such an analysis.

1. INTRODUCTION

Self-assembled monolayers (SAMs) ' currently play a key role in
many aspects of surface and thin film design, which is related to
further progress in different areas of nanotechnology, ran§ing
from patterned materials®™> and molecular electronics®™® to
biocompatible’™"" materials. To our knowledge, the most basic
parameter in the design of SAMs is the stability of their
chemical bonding with selected substrates. Unfortunately, it
remains extremely difficult to determine this parameter using
both experimental analysis and theoretical predictions, which
thus limits our efforts in the purposeful design of SAMs.
Therefore, new experimental approaches for exploring the
molecule—substrate interface stability are urgently required to
provide systematic and general observations, which could in
turn enable the development of theoretical models. In this
work, we demonstrate that static secondary ion mass
spectrometry (S-SIMS) can play such a role by not only
providing an alternative method for conducting typical stability
experiments but, more importantly, revealing and exploring the
stability mechanisms which to date has not been analyzed by
any other technique.

Over the last 3 decades, S-SIMS has emerged as one of the
fundamental surface and elemental characterization tools to
study the composition and reactivity, and more recently, for the
imaging of organic films and biological structures.””~"” An
extremely high sensitivity, which enables the trace analysis of
the chemical composition down to the ppb level, is one of the
key features that make S-SIMS particularly attractive for many
applications. Among organic films, SAMs are considered as

-4 ACS Publications  © 2016 American Chemical Society
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model systems for S-SIMS analysis from both the experimental
and calculation viewpoint.'*™** To address the issue of the S-
SIMS sensitivity to the stability of the molecule—metal
interface, we have selected a homologous series of hybrid
aromatic/aliphatic SAMs in the general form of CH;—
(C¢H,),—(CH,),—S(Se)/Ag (n = 2—6), where either the S
atom (BPnS) or Se atom (BPnSe) acts as a headgroup binding
molecule to the Ag(111) surface (see Figure 1). Previous
spectroscopiczg_33 and microscopic34_3’ measurements dem-
onstrated that BPnS(Se) molecules form very well-defined
SAMs on Au(111) and Ag(111) substrates, which can be
considered model systems for systematic studies. In contrast to
simple alkanethiols,' the structure of this type of SAMs
depends strictly on the parity of the parameter n (the number
of CH, groups). For the Au(111) substrate, this odd—even
effect results in a higher packing density of more upright
oriented molecules for odd-numbered members of the
BPnS(Se)/Au series. In contrast, for the Ag(111) substrate,
this odd—even effect is reversed as a consequence of the
different value of the substrate-S(Se)-C bond angle that is
preferred for the Au(111) and Ag(111) substrates and amounts
to ~104° and ~180°, respectively.”" > The impact of this
odd—even effect on film stability has only been analyzed for the
Au(111) substrate. It was shown that the odd—even effect

influences the stability of BPnS/Au SAMs toward electro-
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Figure 1. Types of SAMs used in this study. The acronym BPnS(Se)/
Ag corresponds to CH;—(C¢H,),—(CH,),—S(Se)/Ag(111), with n =
2—6.
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chemical desorption,
by other molecules,**"
induced phase transitions. For all of these odd—even
effects, with respect to the different aspects of film stability, the
even-numbered members turn out to be less stable than the
odd-numbered BPnS(Se)/Au SAMs. However, for the Au(111)
substrate, it was also demonstrated that the substitution of the
headgroup atom from S to Se has an even more pronounced
impact on the film stability in addition to the aforementioned
structural odd—even effect. Previous exchange experiments*'
demonstrated a much higher stability of BPnSe/Au SAMs
compared to BPnS/Au SAMs due to the stronger Se—Au bond
compared to the S—Au bond. Lastly, a recent stability study™
for the BPnS/Au SAMs revealed the effect of positional
oscillation on the stability of consecutive chemical bonds of
adsorbed molecules at the molecule-Au interface. This study
indicated that the strength of the chemical bonding with the
Au(111) substrate via the S(Se)—Au bond influences the
stability of several consecutive chemical bonds inside the
chemisorbed molecule. Moreover, our most recent experiments
also indicate a direct influence of this oscillation effect on the
relative conductivity of thiolate and selenolate SAMs on the
Au(111) substrate.””

In summary, we note that, to date, the analysis of the
molecule—metal interface stability for the model BPnS(Se)
SAMs has only been performed for the Au(111) substrate. By
current experimental study, we extend this analysis to the
Ag(111) substrate and address several important issues. First,
we analyze the impact of the odd—even effect on the stability of
BPnS(Se)/Ag SAMs. Next, we determine the impact of S — Se
substitutions on the bonding with the Ag(111) substrate.
Finally, and most importantly, we analyze the impact of the Au
— Ag substrate modification on the effect of positional
oscillation in stability of consecutive chemical bonds to confirm
the origin of this phenomenon and its universal nature. To
enable the direct comparison of all the effects reported here for
the Ag(111) substrate with respective data for the Au(111)
substrate in a single set of experiments, we have reproduced
some of the data obtained earlier for the Au(111) substrate.
This combined analysis provides also some implications on the
relative thermal stability and conductance of these SAMs and
presents S-SIMS as a new and unique tool for the molecule—
metal interface stability analysis.
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2. EXPERIMENTAL PART

The Ag(111) and Au(l1l) substrates were prepared by
evaporating 150 nm of silver/gold onto single-crystal silicon
(100) wafers (ITME, Warsaw) primed with a S nm chromium
adhesion layer (base pressure of ~10~7 mbar, rate 0.1 nm/s).
The synthesis of the BPnSH (CH;(C¢H,),(CH,),SH, n = 2—
6) molecules has been described elsewhere.”’ The precursor
molecules for the fabrication of the BPnSe SAMs were
diselenides (BPnSe-SeBPn: CH,;(C¢H,),(CH,),Se—Se-
(CH,),(C¢H,),CH;, n = 2—6), whose synthesis has been
described elsewhere.”* HDT (CH,(CH,),sSH) was used as
received from Aldrich. The HDSe molecules were obtained by
the reduction of a hexadecyldiselenide/-triselenide mixture with
lithium aluminum hydride. The BPnS(Se)/Ag(Au) SAMs were
prepared by immersing the substrate (Ag or Au), directly after
the evaporation process was completed, into 0.1 mM solutions
of the respective precursors in ethanol at room temperature for
24 h. After immersion, the samples were rinsed with pure
ethanol, blow-dried with nitrogen and immediately transferred
to the experimental setup (S-SIMS or IRRAS). For exchange
experiments, the BPnS(Se) SAMs were immersed in 1 mM
ethanolic solutions of HDT or HDSe for 24 h.

Infrared reflection—absorption spectroscopy (IRRAS) meas-
urements were performed with a dry-air-purged Thermo
Scientific Nicolet 6700 FTIR spectrometer model equipped
with a liquid nitrogen-cooled MCT detector. All spectra were
taken using p-polarized light incident at a fixed angle of 80°
with respect to the surface normal. Spectra were measured at a
resolution of 2 cm™ and are reported in absorbance units A =
—logR/R,, where R is the reflectivity of the substrate with a
monolayer and R is the reflectivity of the reference. Substrates
covered with perdeuterated hexadecanethiolate SAMs were
used as the reference samples.

The SIMS analysis was performed using a TOF SIMS V
system (ION TOF GmbH, Germany). The instrument was
operated at a base pressure of 6 X 107'* mbar. The primary 30
keV Bi" ion beam was scanned over a 500 ym X 500 um area
during data acquisition. All spectra were acquired in the static
SIMS regime (S-SIMS) using a total ion dose of up to 5 X 10"
ions/cm? which for this type of SAM ensures an analysis with
no ion-induced damage, as documented by our previous
studies.”” The secondary positive or negative ions were
extracted into a reflectron-equipped time-of-flight mass
spectrometer before they reached the MCP detector. For
each type of BPnS(Se)/Ag(Au) SAM, three different samples
were prepared and six different areas (three for positive spectra
and three for negative spectra in the range up to m/z = 800) on
each sample were examined, resulting in ca. 10% reproducibility
in the peak intensities. Before the analysis, all spectra were
normalized to the respective total number of counts.

3. RESULTS

Two types of experiments have been performed in this study.
The first experiments, which probe the relative stability of the
BPnS/Ag and BPnSe/Ag SAMs toward exchange by other
molecules that are capable of forming SAMs, were conducted
and compared with corresponding data obtained for the Au
substrate. In the second experiment, which was the primary part
of this study, the ion-induced desorption of the BPnS(Se)/Ag
SAMs was determined via S-SIMS analysis and compared with
corresponding data obtained for the Au substrate.

DOI: 10.1021/acs.jpcc.6b10762
J. Phys. Chem. C 2017, 121, 459—470


http://dx.doi.org/10.1021/acs.jpcc.6b10762

The Journal of Physical Chemistry C

a) 45
5 BP3S/Ag(111) 1500
S 10 2920 1381
8 3028 l 2865 1005
5
3 o-w»-/\w'\/\\/\»ww
< M T T T Y T T T
3200 3000 2800 1400 1200 1000
wave number [cm]
1004 100
< b) BPnS/Agin HDSe C) BPnSe/Agin HDT
="' 80 80
=
[0}
£ 60- 60-
()
S 401 401
(=
2
5] 204 204
i
01 ; . : r 01 ¢ . . s .
2 3 4 5 6 2 3 4 5
number n of CH, groups
100 100
—~ €)  BPnSe/Auin HDT
o= .
2% 804 d) BPnS/Au in HDSe 80
5
-°>-<' 60+ 60
(0]
g, 40 40
C
@
£ 204 204
o
x
w o , . , , 0__s : : : :
2 3 4 5 6 2 3 4 5 6
number n of CH, groups

Figure 2. Analysis of exchange experiments by IRRAS data. Panel a is an example of the IRRAS spectrum for the BP3S/Ag with the characteristic
absorption bands indicated (see the text for details). In the middle panels (b, c), the relative exchange extent for the BPnS(Se)/Ag after a 24h
incubation in 1 mM HDSe (b) or HDT (c) ethanolic solution at room temperature is presented as a function of the parameter . In the lower panels
(d, e), the corresponding data for the BPnS(Se)/Au SAMs are presented. See the text for more details.

3.1. Exchange Experiments. To probe the relative
stability of S—Ag and Se—Ag bonds in the exchange
experiments, a 24 h incubation of the BPnS/Ag and BPnSe/
Ag samples in 1 mM hexadecaneselenol (HDSe) or
hexadecanethiol (HDT) ethanolic solution, respectively, was
performed. The progress of the exchange reaction was
monitored by IRRAS. As a reference for monitoring the
exchange process, the IRRAS analysis for the native BPnS(Se)/
Ag (n = 2—6) SAMs was first performed. Several absorption
bands characteristic of this type of SAM could be identified, as
indicated in Figure 2a, where an example of the spectrum
obtained for the BP3S/Ag SAM is presented. According to
previous detailed spectroscopic experiments,’** the biphenyl
part of the molecules results in bands at ~3028 (C—H
stretching), ~1500 (C—C stretching), and ~1005 cm™' (C—H
bending), whereas the aliphatic part is attributed to bands
located at ~2920 (C—H asymmetric stretching) and ~286S
cm™! (C—H symmetric stretching). The weak band observed at
~1380 cm ™" corresponds to the C—CH; symmetric deforma-
tion at the terminal group. Following the methodology
proposed in our previous study,’' we calculated the exchange
percentage of a given BPnS(Se)/Ag SAM by taking the total
intensity of the bands exclusively related to the biphenyl moiety
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(i, ~ 3028, ~1500, and ~100S cm™") and normalizing it by
the respective value obtained for the native sample. The results
obtained after a 24 h incubation of BPnS/Ag (n = 2—6) SAMs
in a 1 mM ethanolic solution of HDSe are presented in Figure
2b and show an odd—even dependence with a higher exchange
percentage for odd-numbered members of the BPnS/Ag series.
In contrast, the experiments presented in Figure 2c¢ for the
corresponding BPnSe/Ag (n = 2—6) SAMs exchanged in a 1
mM ethanolic solution of HDT show no exchange at all. For
comparison, in Figure 2d and 2e, the corresponding experi-
ments performed for the Au substrate show a complete
exchange for the BPnS/Au SAMs and no exchange for the
BPnSe/Au SAMs, which is in full agreement with our previous
study.*!

3.2. S-SIMS Experiments. S-SIMS experiments were
performed for four homologous series of BPnS(Se)/Ag(Au)
SAMs with n = 2—6 to independently probe the impact of the
headgroup atom (S or Se) and the substrate (Ag or Au)
modification on the molecule—metal interface stability. First,
the signal of the molecule—metal cluster ions, which are very
well-known fingerprints used in the S-SIMS technique to
determine the formation of SAMs,"* " was analyzed. Such an
analysis of the molecule—metal clusters ions for both
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for the S and Se headgroup atoms are presented in blue and red bars, respectively. See the text for more details.

BPnS(Se)/Ag and BPnS(Se)/Au SAMs was performed for the
first time. An example of the obtained data is shown in Figure 3,
where the normalized signal (normalized to the total number of
counts) of the negative M,Au~ and M,Ag~ secondary ions is
presented. The symbol “M” denotes the respective molecule in
the general form of CH;(C4H,),(CH,),S(Se) with n = 2—6.
The data obtained for the Ag and Au substrate are similar and
exhibit two common features. First, independent of the type of
substrate, the intensity of the M,Ag(Au)” signal is about an
order of magnitude higher for the S headgroup (BPnS)
compared to the corresponding Se headgroup (BPnSe).
Second, depending on the parameter n for both types of
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substrates (Ag and Au) and headgroup atoms (S and Se), a
much weaker but visible odd—even variation of the signal
intensity is observed. Importantly, the phase of these odd—even
oscillations for both the S- and Se-based SAMs is reversed for
the Ag and Au substrates. For the Ag substrate, a higher
intensity of the M,Ag™ signal is observed for even-numbered
members of the BPnS(Se) series with the exception of the
BP6S(Se)/Ag SAMs, for which the signal is lower than
expected. This could, however, be the result of a general drop
in the secondary ion signal with the increase in the mass of
analyzed ion, which also explains why for the Au substrate,
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where the phase of this oscillation is reversed, the BP6S/Au and
BP6Se/Au SAMs show an approximately zero intensity.

In the next step, the emission of positive ions that
correspond to the complete molecule Mg/ s." and its
desulfurized ([M — S]*) or deselenized ([M — Se]*) fragments
was analyzed. The respective data are presented in Figure 4. For
the Ag substrate, the emission of Mg/ " ion has a very low
intensity, but it is systematically more eflicient for the S
headgroup compared to the Se headgroup (Figure 4a).
Corresponding data obtained for the Au substrate show a
much higher level of the Mg/s," ion emission compared with
the Ag substrate (Figure 4b), but similar to the Ag substrate, a
higher intensity of the Mg,s.” ion emission is observed for the S
headgroup compared to Se headgroup. The emission of the
desulfurized ([M — S]*) and deselenized ([M — Se]")
fragments was efficient for both the Ag and Au substrates, as
shown in Figures 4c and 4d, respectively. Importantly, in
contrast to the data obtained for the M/s.* ion, the emission of
[M — S]" and [M — Se]" ions is systematically more efficient
for the Se headgroup compared to the S headgroup.
Additionally, whereas for the Au substrate, only a systematic
drop in the [M — S]* and [M — Se]* intensity is observed as
the length of molecules (defined by the parameter n) increases,
for the Ag substrate an odd—even variation of this signal is also
observed along with a higher emission for even numbered
members of the BPnS(Se)/Ag series.

The emission of Mg,s.* and [M — S(Se)]* secondary ions
results from the ion-beam induced scission of the first and the
second chemical bond along the molecular chain of the
adsorbed molecule, respectively. For both substrates, the
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emission shows a reversed relationship for the S and Se
headgroup atoms; i.e., for S, a higher emission of Mg/s." with a
simultaneous lower emission of [M — S(Se)]* is observed
compared to the Se analogue. In Figure S, a broader analysis of
this effect is shown by comparing the relative intensity of the
secondary ions emitted from the S and Se analogues, which
correspond to molecular fragments generated by the scission of
one of four consecutive chemical bonds along the molecular
chain; the consecutive bonds start from the headgroup atom
and are numbered as bonds I-IV (as shown in the schematic
cartoon in Figure Sa). The data obtained for the BPnS(Se)/Ag
SAMs with n =2, 3, 4, and S (the low intensity of the respective
signals for n = 6 precludes such an analysis) are presented in
Figure Sb—e. The corresponding data obtained for the
BPnS(Se)/Au SAMs are presented in Figure Sf—i. We note
that for n = 4 and n = S for the BPnS(Se)/Ag SAMs, the signal
ratio for bond number I is missing (the absence of
corresponding points in Figure Sd and Se). This is due to
the lack of a measurable emission level of the complete
molecule in this case (see Figure 4a) and thus, a high (>>1), but
undefined at this point, value of the corresponding ratio of this
signal for the S- and Se-based analogues.

The final data analysis step is presented in Figure 6. In panel
a, the analysis of the [C;sH;s]* secondary ion emission from
the BPnS(Se)/Ag(Au) SAMs is summarized. The schematic
cartoon in this panel shows that the emission of this particular
fragment from the BPnS(Se)/Ag(Au) series (with n = 2—6)
requires the cleavage of consecutive chemical bonds along the
aliphatic chain, ie., for n = 2, the S(Se)-C' bond has to be
cleaved, for n = 3 the C'—C? bond has to be cleaved, etc. (the
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higher bond energy of Se—Au(Ag) compared to S—Au(Ag), (ii) the higher bond energy of S(Se)-Ag compared to S(Se)-Au, (iii) the oscillations in
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higher, and independently, the amplitude is higher for the Ag substrate for both types of head groups.

upper indexes “1” and “2” denote the first and second C atom, summarized in this panel show a few extremely interesting
respectively, of the aliphatic chain, counting from the features. First, the intensity of the [C,sH;5]" emission depends
headgroup atom attachment to the chain). The data strongly on the parameter #, with oscillations observed for both

464 DOI: 10.1021/acs.jpcc.6b10762

J. Phys. Chem. C 2017, 121, 459—470


http://dx.doi.org/10.1021/acs.jpcc.6b10762

The Journal of Physical Chemistry C

the S and Se analogues on the Au and Ag substrates and a
higher signal for even values of n. Second, the same phase of
these oscillations is observed for the S and Se analogues, which
is also independent of the type of substrate (Ag or Au). Third,
the amplitude of these oscillations for both types of substrates
is higher for the Se analogues compared to the S analogues.
Fourth, the oscillation amplitude rapidly diminishes as the
number 7 increases for both types of headgroup atoms (S and
Se) and substrates (Ag and Au). Fifth, the amplitude of these
oscillations is systematically higher for the Ag substrate
compared to the Au substrate. In panels b and ¢, the same
analysis was performed for the [C,H;,]" and [C;H]*
fragments, respectively. As schematically indicated in the
respective cartoons, the analysis in these cases is limited to
the BPnS(Se)/Ag(Au) SAMs with n = 3—6 for [C,sH;,]* and n
= 4—6 for [C;;Ho]* due to the increased length of the
analyzed fragments. We note here that for the [C;sH,,]"
fragment, the phase of signal oscillation with n is reversed
compared to the data obtained for the [CsH,s]* fragment.
This is a consequence of shifting our analysis from n = 2—6 to n
= 3—6, ie, correlating the termination of the first analyzed
Ag(Au)—S(Se) bond with n = 3 for the emission of the
[Ci¢H,7]" fragment instead of n = 2 for the emission of the
[CsHis]" fragment. Accordingly, the phase of signal oscillation
for the [C;H}o]" fragment remains the same as that for the
[CisHys]* fragment because the termination of the first
analyzed Ag(Au)—S(Se) bond is correlated with n = 4, ie,
shifting this value by 2 in comparison to n = 2 for the [C,sH;s]"
fragment. Importantly, all the observations mentioned above
for the [C;sH;s]" emission are fully reproduced in the data
obtained for the [C\¢H,;]" and [C;H o]* fragments, ie., the
oscillation amplitude rapidly diminishes with an increasing
number 7, and it is clearly higher for the Se analogues and
independently higher for the Ag substrate.

4. DISCUSSION

We start the discussion with the analysis of the exchange
experiments, which resulted in two important observations.
First, for both types of substrates (Ag and Au), the selenol-
based BPnSe/Ag(Au) SAMs are fully resistant (within our
experimental conditions) to exchange by hexadecanethiol
(HDT) molecules; simultaneously, the thiol-based BPnS/
Ag(Au) SAMs show significant exchange by the hexadecane-
selenol (HDSe) molecules for the Ag substrate and a complete
exchange by the hexadecaneselenol (HDSe) molecules for the
Au substrate. This observation demonstrates a much higher
stability of Se-based SAMs compared to their S-based analogues
on both Ag and Au substrates. Because the chemical bond,
which links the molecule of the original SAM to the respective
substrate, has to be cleaved during the exchange process, we
conclude that this stability difference in the exchange process
results from a significantly higher stability of the Se—Ag(Au)
bond compared to the S—Ag(Au) bond in this type of SAM. A
higher stability of the Se—Au bond compared to the S—Au
bond has been previously reported in similar exchange
experiments for BPnS(Se) SAMs'' and has very recently
been reported for purely aromatic SAMs based on naphthalene
precursors.47 For the Ag substrate, previous competitive
adsorption experiments for phenyl-based SAMs concluded
that there was a higher stability for S-based SAMs compared to
the Se analogues.” These conclusions are inconsistent with the
data presented in Figure 2, which indicate the higher stability of
Se-based systems on the Ag substrate compared to their S
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analogue. Such a discrepancy may result from the particular
SAMs and sample preparation procedures used for stability
comparisons in previous experiments.”’ We would like to stress
that, in our opinion, for a meaningful comparison of the relative
molecule—substrate binding stability, the compared SAMs
should not only have the same carbon backbones but also
form ordered structures with the same or a very similar
molecular packing. Only under such conditions can the
contribution of the intermolecular interactions on the stability
of analogue films be minimized to determine the role of the
molecule—substrate bonding on film stability. Spectroscopic
characterization of phenyl-based S and Se SAMs on the Ag
substrate, as analyzed in a previous study,”’ did not address
their relative packing density but indicates a different
orientation of the molecules with respect to the Ag substrate
in the compared SAMs. We also note that previous competitive
adsorption experiments were conducted using Ag powder as
the substrate, ie, a very defected and crystallographically
undefined substrate, which resulted in a highly defected
structure of the respective SAM. Therefore, it is relatively
difficult to determine, at this point, to what extent the more
efficient absorption of phenyl thiol compared to the selenol
analogues was related to (i) the stability of chemical bounding
with the substrate via the S—Ag bond, (ii) the interaction of
phenyl rings within the monolayer and with the Ag substrate, or
simply (iii) the concentration of defects in a given SAM. In
contrast, the current analysis is conducted for BPnS(Se)/Ag (n
= 2—6) SAMs, which have been formed on well-defined
Ag(111) substrates and characterized spectroscopically in detail
to demonstrate a similar packing density and orientation of
molecules in all the compared SAMs. Therefore, in our opinion,
the presented exchange data better justifies the correlation
between the observed stability differences and the relative
strength of the S—Ag and Se—Ag chemical bonding in these
SAMs. In particular, the stability analysis presented here is not
limited to comparing only two SAMs, instead, two homologous
series of analogue SAMs can be compared, which makes the
related observations significantly more general.

Current exchange experiments also reveal an odd—even
effect in the exchange of BPnS/Ag SAMs by HDSe molecules
(Figure 2b). Although a similar effect could not be observed for
the BPnS/Au SAMs exchanged by HDSe molecules due to the
complete exchange observed in this case (Figure 2d), such an
odd—even effect in the exchange was observed for the BPnS/Au
SAMs in our previous experiments when HDT molecules were
exchanged instead of HDSe molecules (see Figure S in ref 41).
More importantly, by comparing both exchange experiments
performed for the same SAMs on Ag and Au substrates, we
conclude that the phase of this effect is reversed upon changing
the substrate from Ag to Au. As indicated in the introduction,
previous microscopic and spectroscopic characterizations of
BPnS(Se)/Ag(Au) SAMs demonstrated that structural odd—
even effect also reverses in phase upon changing the substrate
from Ag to Au. Thus, the exchange experiment remains fully
correlated with the structural odd—even effect.

For a detailed analysis of the observed differences in the
stability of the SAMs at the molecule—metal interface, ion-
induced desorption experiments have been performed. The
emission of secondary ions measured by the S-SIMS results
from a convolution of the desorption and ionization processes,
which are induced by the impact of primary Bi" ions. Two types
of characteristic secondary ions were analyzed in our study:
molecule—metal clusters and different molecular fragments.
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Generally, two different mechanisms of ion-induced desorption
of SAMs have been identified in previous studies.”>>***>'~3
The first mechanism is based on the well-known collision
cascade process, which develops in the substrate upon primary
ion impact and leads to momentum transfer to the surface
atoms of the substrate and subsequently, to the desorption of
the organic monolayer. In the second so-called chemical
reaction mechanism, the desorption of molecular ions is caused
by a “gentle” cleavage of chemical bonds (with no significant
momentum transfer) within the organic layer by chemical
reactions. These reactions are initiated by the reactive
fragments (e.g, radicals) created in the organic film as a result
of the impact of primary ions. The experimental analysis of the
kinetic energy distribution for neutral species demonstrated
that majority of the molecular fragments are emitted from
SAMs by the chemical reaction mechanism and only a minority
by the collision cascade process.””>'™>® However, by
considering the ionization process, which is essential in the
emission analyzed by S-SIMS, we expect that both emission
mechanisms must be considered in the emission of molecular
fragments.46 In contrast, for molecule—metal clusters, the
gentle chemical reaction mechanism can be excluded given the
presence of metal substrate atoms in the cluster, which have to
be emitted by significant momentum transfer, ie, via the
collision cascade mechanism.

We begin the discussion of the S-SIMS data with the M,Ag™
and M,Au~ secondary ions, which represent the molecule—
metal cluster emission. The emission of these secondary ions is
closely correlated to the exchange experiments. First, similar to
the exchange experiments, it shows that the selection of the
headgroup atom (S or Se) has the highest impact on the
intensity of the S-SIMS signal. Specifically, an order of
magnitude higher emission of M,Ag™ and M,Au” is observed
for the S headgroup atom compared to Se. This extremely
strong effect in the S-SIMS data can be correlated with the
zero-one effect in the exchange data, which indicate higher
stability of the Se—Ag(Au) bonding compared to the S—
Ag(Au). As previously indicated, we may assume that the
process that leads to the emission of molecule—metal clusters is
essentially directed by the collision cascade mechanism. This
observation gives us some insight into possible scenarios that
result in the emission of molecule—metal clusters based on the
molecular dynamics (MD) calculations of the ion-induced
desorption process, which are limited to ballistic collisions, i.e.,
electronic excitations and chemical reactions are not considered
in this approach. Such MD simulations, performed for
octanethiol SAMs on the Au(111) substrate and used to
address the mechanism of molecule—metal cluster formation,
demonstrated that M,Au clusters are formed by two
neighboring molecules in the original SAM structure with an
Au atom originating from the tog surface layer and located in
the vicinity of both molecules.”> Moreover, we note, at this
point, that current structural models®*~*° for the adsorption of
thiols on Ag(111) and Au(111) substrates assume that two
neighboring molecules bind to the same surface adatom, which
directly supports the correlation between the emission of the
M,Ag™ and M,Au™ ions and the original SAM structure, i.e., the
molecule—metal cluster formation is directly correlated with the
distance between neighboring molecules and their binding
(configuration and strength) with the substrate atoms. The
second and less pronounced effect that is observed in the
M,Ag” and M,Au” emission from the BPnS(Se)/Au(Ag)
SAMs is the odd—even dependence. Importantly, the phase of
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this effect is independent of whether S or Se is used as the
headgroup atom, but it becomes reversed once the substrate is
changed from the Au(111) to the Ag(111) substrate. Thus, the
odd—even effect in M,Ag™ and M,Au” emission is fully
correlated to the odd—even effect in the exchange experiments
and structural changes in the BPnS(Se)/Au(Ag) SAMs
discussed above.

So far, we have discussed the S-SIMS data, which follow
changes in the molecule—metal interface stability that were
already analyzed by the exchange experiments. In the following
part of our discussion, we would like to focus on the molecule—
metal interface analysis, which at this moment seems exclusively
possible by this technique. Our analysis follows a very recent
study™® where the S-SIMS data obtained for BPnS(Se)/Au were
used to detect the positional oscillations in the stability of
consecutive bonds along the adsorbed molecule. By performing
a similar analysis for both the Ag and Au substrates, we aimed
to determine the universal nature of the model proposed by us
to explain this phenomenon and probe its independence on the
structural odd—even effect. The first step in this analysis
involved comparing the emission of ions that correspond to the
complete parent molecule (Mg/s.") for both types of headgroup
atoms (S and Se) and substrates (Ag and Au). Our data
demonstrate that for both types of substrates, the emission of
Mg/s." is much more pronounced for the S-based monolayers
than the Se analogue. Because the emission of these ions results
from the ion-beam induced scission of the respective chemical
bond linking molecule to the metal substrate, we conclude that
irrespective of the Au or Ag substrate, such a bond scission is
more efficient for the S headgroup atom. By assuming that the
efficiency in terminating a particular chemical bond by ion-
induced processes depends on the stability of this bond, as
concluded in our recent study based on corresponding
experiments, MD simulations, and DFT calculations,*® our
present results indicate that the stability of the Au(Ag)-Se bond
is higher than that of the Au(Ag)-S bond, in this type of SAMs.
Importantly, this conclusion is fully consistent with the
exchange experiments discussed above for both types of
substrate and with the analysis of the M,Ag™ and M,Au”
cluster ion emission. In addition, much lower intensity of
Mg/s.” ions emission for the Ag substrate compared to Au
indicates higher stability of the molecule—metal binding for the
latter case.

In the next step of our analysis, the relative emission of the
desulfurized [M — S]* and deselenized [M — Se]" fragments
for both types of substrates was compared (Figure 4). Because
the emission of these fragments corresponds to the scission of
the S(Se)—C' bond, the higher emission observed for the Se-
based monolayers on Ag and Au substrates indicates the lower
stability of the Se—C' bond compared to that of the S—C' bond
for both types of substrates. From the supporting observation
of positional oscillations in the stability of chemical bonds,*
such a behavior could be attributed to the fact that valence
electrons of the headgroup atom (S or Se) are involved in
bonding with the substrate (Ag or Au) atom(s) on one side and
with its neighboring C' atom on the other side. The increased
involvement of valence electrons of the headgroup atom in one
of these chemical bonds, i.e,, Au(Ag)—S(Se), should result in a
lower involvement of these electrons in the second bond, which
consequently reduces the stability of the S(Se)—C' bond.

In addition to the strong impact of the S or Se headgroup
atom on the relative intensity in the emission of Mg/s." and [M
— S(Se)]* secondary ions, as discussed above, the modification
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of this signal with the odd—even change of parameter # is also
visible; however, this only occurs for the Ag substrate. Such an
effect is pronounced for the [M — S(Se)]* fragment (Figure
4d) where a higher emission is observed for even numbered
members of the BPnS(Se)/Ag series. Here, we indicate that this
odd—even variation in the signal is overlaid with a rapid drop of
the signal as the n value increases due to an increased mass of
the respective molecule. This is the reason why the intensity for
n = 6 is extremely low and out of sync with this odd—even
trend. For the Mg, ion, where the overall emission is
extremely weak, this effect is much less pronounced but still
visible for n = 2, 3, and 4, with the highest emission observed
for n = 3, i.e., for the odd-numbered member of the BPnS(Se)/
Ag series. Importantly, the higher emission of the M. * for the
odd-numbered BPnS(Se)/Ag SAMs correlates with the
respective exchange experiments that show the lower Ag—S
bond stability of odd-numbered members of the BPnS/Ag
series (as presented in Figure 2b). Considering that a lower
involvement in the Ag—S(Se) bonding should be compensated
by a higher involvement in the S(Se)—C' bond, one should also
observe an odd—even variation in the S(Se)-C' bond stability
but one that is reversed in phase compared to the Ag—S(Se)
bond. This scenario is fully confirmed by the odd—even
emission of the [M — S(Se)]" fragment, which shows lower
emission, ie., higher stability of the S(Se)—C' bond, for odd-
numbered members of the BPnS(Se)/Ag series. The fact that
such an odd—even effect is not observed in the respective data
obtained for the Au substrate indicates that the odd—even effect
on film stability is less pronounced for the Au substrate than
the Ag substrate.

To summarize the discussion above, the increase in the
stability of the Ag(Au)—S(Se) bond caused by the change of
the binding atom from S to Se or, to a much lower extent, by
the odd—even change within the BPnS(Se) series causes a
reduction in the Se—C' bond stability. The reduction in the
Se—C' bond stability results, in turn, in a shift of the valence
electrons of the C! atom toward the C? atom, which leads to an
increased strength of the C'—C? bond, and so on. Following
the previous DFT calculations,”® this effect should lead, in
principle, to the oscillation in the relative stability of
consecutive chemical bonds within the aliphatic chain for the
S and Se SAMs on both Ag(111) and Au(111) substrates. The
amplitude of these oscillations should decrease for consecutive
bonds because the disturbances introduced into the electronic
structure of the aliphatic chain by chemical bonding to the
substrate via the headgroup atom become diminished at larger
distances from the molecule—substrate interface: the disloca-
tion of the valence electrons becomes increasingly smaller. Such
a prediction is confirmed by the data shown in Figure 5, which
analyzes the emission ratio of fragments emitted from S- and
Se-based SAMs as a result of the termination of four
consecutive chemical bonds (see the schematic illustration in
Figure Sa). Importantly, the effect of this oscillation for both
Au(111) and Ag(111) substrates has the same phase, which is
mutually consistent with the fact a higher bonding strength was
observed for Se-based compounds for both types of substrates;
therefore, if our explanation of this effect is correct, this defines
the common phase of these oscillations. In addition, the
amplitude of these oscillations for both types of substrates
reduces as the number of consecutive chemical bonds increases,
thereby supporting the proposed model.

There is, however, an alternative explanation of the
oscillations presented in Figure 5 that we have to consider.
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In the current analysis of the data shown in Figure 5, we
correlate the stability of consecutive chemical bonds in these
SAMs with the emission efficiency of molecular fragments with
(importantly) different lengths. One could, therefore, speculate
that the observed oscillations in the relative intensity of this
emission actually reflects an odd—even mechanism in the
ionization efficiency that depends on the length of the emitted
fragment, and thus the observed effect is not related to the
stability of the respective chemical bonds, as proposed in the
model above. To exclude such a hypothesis, further observation
of this phenomenon was conducted by analyzing the [C,sH,s]"
molecular fragment emission from the series of BPnS(Se)/
Au(Ag) SAMs, i.e., without changing the mass of the analyzed
fragment (Figure 6). As indicated in the previous section, a few
crucial observations can be made at this point. First, the phase
of the oscillations is independent of the type of the headgroup
atom, which shows that both types of headgroup atoms give a
binding energy of the S(Se)—C' bond that is below the typical
C"—C"! bond energy in long aliphatic chain; thus, this induces
the same phase of oscillations in the binding energy of
consecutive C—C bonds that propagate from the metal-
molecule interface, where the disturbance occurs, into the
middle of the molecular chain (see the schematic illustration in
Figure 6d). Second, for both head groups, the amplitude of
these oscillations vanishes quickly from the interface into the
middle of the aliphatic chain, in accordance with the model
proposed above. Third, the amplitude of these oscillations is
significantly higher for the Se headgroup atom, in accordance
with the lower stability of the Se—C' bond compared to the S—
C' bond and thus, the higher stimulation for oscillations in the
binding energy of consecutive chemical bonds for the Se
headgroup atom. Fourth, the effect is very similar for both Ag
and Ag substrates, but a higher amplitude of the observed
oscillations is noticed in the latter case, which indicates a higher
binding energy of S and Se headgroup atoms with the Ag
substrate compared to the Au substrate. For the S headgroup,
this experimental observation is consistent with previous DFT
calculations that predict a higher stability of the Ag—S bonding
compared to the Au—S bonding for short alkanethiols on Au
and Ag substrates.”®’ The common phase of oscillations
shown in Figure 6a for the Au and the Ag substrates proves that
the observed oscillation effect in the [C,sH,;]" emission is not
related to the odd—even structural effect in the BPnS(Se)/
Au(Ag) SAMs because in such a case, the phase of this effect
would be reversed upon changing the substrate from Ag — Au.
To confirm that all the above analysis, conducted for the
emission of the [C sH,s]* fragment, has a very general nature
that is not dependent on a particular fragment, a fully analogical
analysis has been subsequently performed for the emission of
the [Ci¢H,,]" and [C;;H,o]" fragments, which are longer than
the [C,sHs]* fragment by one and two CH, groups,
respectively. Despite the reduction in the range of analyzed
SAMs, due to the increased length of the analyzed fragments,
all the observations above are the same. Thus, the analysis
performed for all three types of fragments is internally
consistent and fully confirms the model formulated above.

5. CONCLUSIONS

In conclusion, a systematic analysis of static SIMS (S-SIMS)
data and selected exchange experiments performed for four
homologous series of SAMs, which had a general form of
BPnS(Se)/Ag(Au) with n = 2—6, resulted in a few interesting
observations concerning the subtle changes in the internal
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energetics at the metal-molecule interface induced by the
substitution of the headgroup atom (S — Se), and
independently, the substrate (Ag — Au). These observations
provide a new insight, which can be divided into three
important categories.

The first and most relevant insight of the current paper is the
purposeful design of SAMs. These results demonstrate that the
modification of the headgroup atom from S to Se increases the
strength of the chemical bonding with Au and Ag, which are the
most commonly used metal substrates for the formation of
SAMs. It is demonstrated that the Ag substrate enables a
stronger binding with both S and Se head groups in SAMs
compared to Au. In addition, the obtained data indicate the
influence of the structural odd—even effect on the strength of
the molecule—metal binding, which is apparently weaker than
the impact of the S — Se or Au — Ag substitution. Finally, it is
shown that an increased strength of the chemical bonding with
the metal substrate has a strong impact on the stability of
consecutive chemical bonds and, in particular, leads to a
reduced strength of the bond between the headgroup and the
rest of the molecule. In our opinion, this effect explains the
lower thermal stability of selenium-based SAMs on gold
compared to sulfur analogues, as reported in previous
experiments.”” Despite the stronger bonding with the substrate
for the Se-based SAMs, the thermal stability does not depend
on the strongest bond but on the weakest bond in the adsorbed
system; therefore, the reduced strength of the C—Se bond
compared to the C—S bond may determine the lower thermal
stability of Se-based SAMs. The alternative strength of the
Au(Ag)—S(Se) and S(Se)—C bonds can also influence the
conductivity of their respective SAMs. Specifically, a similar
efficiency of charge transfer through the Au—S—C and Au—Se—
C interface in SAMs was recently reported by us, which
indicates that compensating the higher stability of the Au—Se
bond by the lower stability of the Se—C bond results in an
effectively similar redistribution of the electron density through
the molecular framework and thus, a similar efficiency in charge
transfer via the tunneling process.47 Because our current data
show that substrate modification from Au — Ag and headgroup
atom modification from S — Se qualitatively have very similar
effects, we may expect a similar conductance for S- and Se-
based SAMs on both Au(111) and Ag(111) substrates. Such a
conclusion is supported by recent experiments that demon-
strate a very similar conductance of alkanethiols on Au and Ag
substrates.”®

The second insight provided by this paper is the application
of S-SIMS. In our opinion, the results conducted for very broad
and systematically modified groups of SAMs constitute a new
and unique application of this method. Despite using high-
energy projectiles, our results show oscillations in emission of
different fragments, which are related to subtle changes in the
stability of internal molecular bonds of the monolayer. Such
information has not been obtained so far by any other
technique. Two main advantages of S-SIMS, which seem to be
crucial in this study, are the following: (i) the local nature of
probing, ie., the effectively analyzed mass spectra results from
the impact of a single ion with no global change to the
energetic state of the sample, as is the case with more
traditionally used thermal or electrochemical desorption
processes, and even more importantly, (ii) the extremely
short probing time, i.e., the ion-induced desorption processes
occur in the picosecond time scale, in contrast to thermal or
electrochemical desorption where slow ramping of the global
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energies (temperature or potential energy, respectively) induces
a structural evolution of the SAM/substrate system before the
desorption process occurs and thus leads to a disconnected
relationship between the original structure of the SAM and its
stability.

The final category, and the most general one, is related to the
observed oscillations in the stability of consecutive chemical
bonds. This effect was identified for the first time in our recent
paper,*® which indicated that its origin is very general in
chemistry and is related to breaking of the translational
symmetry in molecules. Experimentally, this fundamental
conclusion was based on the similar odd—even efficiency in
the emission of different molecular fragments from the
BPnS(Se)/Au(111) series, as shown in Figure 6. For such an
interpretation, however, it is necessary to prove that this effect
is not related to the odd—even modification of the BPnS(Se)/
Au(111) SAMs structure, but it instead reflects oscillations in
the internal energetics of consecutive chemical bonds in the
molecules, which become visible as the n parameter of the
monolayer changes due to specific experimental conditions.
The direct proof presented here shows that the nature of this
odd—even effect on emission is completely independent of the
Au — Ag substrate modification, which leads to a reversed
phase of the structural odd—even effect. Moreover, by showing
the correlation between the increased binding strength upon
changing the substrate (Au — Ag) and the increased amplitude
of these oscillations for both S- and Se-based SAMs, this paper
fully confirms and expands on the earlier model proposed.
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ABSTRACT: The thermal stability of self-assembled monolayers (SAMs) is
of fundamental importance for the majority of their applications. It strongly
depends on the type of chemical group used for bonding the molecules | |umos O] amots

forming the SAMs to the selected substrate. Here, we compare the impact of s ORI S R R
using S and Se bonding groups on the thermal stability of aromatic model
SAMs based on naphthalene, containing a polar substituent, and formed on a
Au(111) substrate. Using a combination of secondary ion mass spectrometry
(SIMS) and X-ray photoelectron spectroscopy (XPS) while heating the
samples, we show that the thermal stability of S-bonded SAMs is higher
although the bonding between Se and the Au substrate is stronger. This
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seeming contradiction is found to result from a higher stability of the S—C

compared to the Se—C bond. The latter forms the weakest link in the SAMs with Se anchor and, thus, controls its thermal
stability. These conclusions are supported by state-of-the art dispersion-corrected density functional theory (DFT) calculations.
Notably, full qualitative agreement between the experiments and simulations is obtained only when including Au adatoms in the
setup of the unit cells, as these reinforce the bonding between the docking groups and the metal surface. This is an indication for
the occurrence of such surface reconstructions also for SAMs consisting of comparably large aromatic molecules.

I. INTRODUCTION

Self-assembled monolayers (SAMs)' ™ are considered as
prototypical systems for investigating physical and chemical
properties of organic nanostructures and their potential
application in nanotechnology.” The key to SAMs function-
ality is the comparably strong chemical bonding between the
SAM-forming molecules and the respective substrate on which
the monolayer is formed. So far, the overwhelming majority of
studies analyzing fundamental properties and applications of
SAMs have been conducted on molecules containing sulfur as
head groups covalently bonded to the Au(111) substrates.”® In
recent years it has, however, been demonstrated that selenium,
which has the same valence electron configurations as sulfur, is
a promising alternative for docking molecules to noble-metal
substrates.”

One of the advantages of selenium-based SAMs on Au(111)
is their better structural quality. Scanning tunneling microscopy
(STM) studies of purely aromatic®™'® as well as hybrid
aromatic—aliphatic' "> selenolate SAMs on Au(111) demon-
strated the formation of layers, which were superior to their
thiolate analogues in terms of structural perfection, domain size,
and long-range order. It has been proposed that the main
reason which limits structural quality of SAMs with aromatic
backbones is the stress originating from the misfit between the

-4 ACS Publications  © 2017 American Chemical Society

structure favored by the aromatic backbones and the template
provided by the Au(111) substrate.”” The release of this stress
leads to the formation of defects and limits the achievable
domain size. One of the ways to circumvent this problem is the
application of hybrid aromatic—aliphatic molecules, where
insertion of flexible aliphatic chains between docking group
and aromatic backbone provides pathways to reduce stress
without breaking the structure preferred by the aromatic
moieties.”” This approach, however, also affects other proper-
ties of the films; it, for example, results in a significant reduction
in the conductance of the monolayer. Thus, solving the stress
problem via the application of another headgroup atom, i.e.,
selenium instead of sulfur, with no further modification of the
molecular backbone is an attractive alternative solution for
improving film quality, especially as this substitution does not
change the conductance of the monolayer.'*

The substitution of the headgroup also affects the stability of
the molecule—metal bond, which is fundamental for most
applications of SAMs. Despite several studies addressing the
relative strength of S—Au and Se—Au bonds in SAMs, this issue
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is still not fully clarified. Several conceptually different
experimental approaches were used for the analysis including
thermal desorption,”"® electrochemical desorption,"'° ion-
induced desorption,"*""™"?  competitive adsorption,”’ X-ray
photoelectron spectroscopy (XPS),”"** and exchange reac-
tions."***** With one exception™* all these experiments geared
at determining stability were done by comparing SAMs with
molecular backbones based on benzene,”'*'>'? such as
BS(Se), (C4H,—S(Se)), biphenyl and its derivatives”'®%*!
(such as BPnS(Se), CH;—(C¢H,),—(CH,),—S(Se), n = 2—6),
or recently naphthalene'* (NC—NapS(Se), NC—C,,Hs—
S(Se)). The majority of these reports indicates a higher
stability of the Se—Au bond'#17182022724 (ith however, two
publications””" claiming a higher stability of the S—Au bond.
Interestingly, experiments arriving at contradicting conclusions
(ie., a higher stability of either S—Au”*" or Se—Au"*'**") were
exclusively performed on benzene-based systems comparing
benzenethiol (BS) and benzeneselenol (BSe) SAMs.

In this context it is important to consider that for a
meaningful comparison of the relative molecule—substrate
bonding strength the studied SAMs not only need to have the
same molecular backbones but they also should represent well-
defined films with very similar molecular packing. Only under
such conditions the impact of differences in intermolecular
interactions can be minimized, and the bonding of the
headgroup to the substrate becomes the main factor
determining film stability. Notably, for the BS/Au(111) and
BSe/Au(111), STM analysis’ indicates the formation of
structures with packing densities differing by as much as
~40%. Moreover, high-resolution XPS (HRXPS) analysis"
reveals coadsorption of the headgroup atoms (S or Se) and
unbounded molecules in these SAMs. Therefore, in our
opinion, a precise comparison of the stability of S—Au and
Se—Au bonds using the BS/Au(111) and BSe/Au(111) SAMs
is not reliable. Similar considerations apply also to inves-
tigations of the thermal stability of these SAMs, where again
contradicting results have been obtained, suggesting either a
lower” or higher'® thermal stability of BSe/Au(111) compared
to BS/Au(111).

Considering that the thermal stability of SAMs is one of the
most important factors determining their range of applications,
a systematic investigation of this property for SAMs differing
only in the used docking atom, but otherwise having similar
structures and packing densities (where the latter ought to be
sufficiently high), is in high demand. Accordingly, we provide a
detailed analysis of the thermal stability of the NC-NapS/
Au(111) and NC-NapSe/Au(111) (see Figure 1 for chemical
structures). They serve as well-defined model systems with no
coadsorption of docking group atoms or unbound molecules

|
NC-NapSe/Au

NC-NapS/Au

Figure 1. Schematic structures of the SAMs used in this study along
with their acronyms.

seen in HRXPS.'"* Moreover, they form well-ordered high-
density structures displaying similar packing densities as found
by STM."*

Our experimental studies rely on X-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectrometry
(SIMS) performed on samples during heating cycles. They are
supported by dispersion-corrected density functional theory
(DFT) calculations, describing the stability of chemical bonds
close to the metal-molecule interface for different bonding
scenarios (ie., flat Au(111) surfaces and surfaces in the
presence of a varying number of adatoms). We find that a larger
bonding energy between the metal and the docking group does
not necessarily yield higher thermal stability. Moreover, full
qualitative agreement between the experiments and calculations
is achieved only when considering surface reconstructions for
both SAMs.

Il. EXPERIMENTAL SECTION

SAM Preparation. The Au(111) substrates were prepared
by evaporating 150 nm of gold onto single crystal silicon (100)
wafer substrates (ITME, Warsaw) primed with a S nm
chromium adhesion layer (base pressure of ~1077 mbar, rate
0.5 nm/s). The synthesis of the NC-NapS(Se) molecules is
described in ref 14. Following a previously developed
procedure,'* SAMs were prepared by immersion of the
Au(111) substrates into 1 mM solutions of the respective
precursors in pure ethanol at 60 °C for 24 h. After immersion,
samples were rinsed with pure ethanol, blown dry with
nitrogen, and immediately transferred to the experimental
setups (XPS or S-SIMS).

XPS. XPS measurements were performed with a dedicated
spectrometer equipped with a hemispherical energy analyzer
(VG SCIENTA R3000). The spectra were taken using a
monochromatized Al Ka source (E = 1486.6 eV; MX-650 VG
Scienta). The base pressure in the analytical chamber was § X
10~ mbar. The acquisition of all spectra was carried out in
normal emission geometry with an energy resolution of 1.15
eV. The binding energy (BE) scale was referenced to the Au
4f,,, peak at 84.0 eV. To monitor the thermal stability, the
sample temperature was linearly ramped at a rate of 5 K/min.
Upon reaching the desired temperature, the system was left to
stabilize for S min, and then the measurement of the chosen
signal was carried out. Because of the poor signal-to-noise ratio
and the resulting long acquisition time, S and Se core-level
spectra were collected in independent experiments. All spectra
were fitted by symmetric Voigt functions, and a Shirley-type
background was subtracted. For fitting S 2p;/,,,, and Se
3p3,1/2 doublets, two peaks with the same fwhm, a fixed
branching ratio (2:1), and defined spin—orbit splitting (~1.2
eV”® and ~5.40 eV,’® respectively), verified by fits, were used.

S-SIMS. The SIMS experiments were performed using a
time-of-flight SIMS (TOF SIMS V system, ION TOF GmbH,
Germany). The instrument was operated at a base pressure of 6
X 107'° mbar. The primary 30 keV Bi' ion beam was scanned
over a S00 ym X S00 pm area (128 X 128 data points) during
data acquisition. The secondary ions were extracted into a
reflectron TOF mass spectrometer before reaching a multi-
channel plate (MCP) detector. For the thermal stability
analysis, the sample temperature was linearly ramped from
room temperature up to 725 K at a rate (/) of 3.75 K/min. The
SIMS measurements were performed at selected temperatures
without interrupting the sample heating. As discussed in the
Supporting Information (Figure S1), SIMS experiments were
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also performed at room temperature to prove the absence of
ion-beam-induced damage of the investigated samples. These
experiments confirmed the prevalence of static conditions
during the SIMS measurements (S-SIMS). Before analysis, all
spectra were normalized to the respective total counts.
Simulations. To analyze the bonding between the
adsorbates and substrate, we calculated the energies associated
with breaking S(Se)/Au and S(Se)/C bonds for a variety of
adsorbate configurations using dispersion-corrected DFT. All
calculations were performed using the FHI-aims code,”
employing the PBE functional.”® To include long-range van
der Waals interactions, the latter was augmented by the
Tkatchenko—Scheffler**° scheme parametrized specifically to
treat adsorption on metallic surfaces (PBE+vdWsurf).” The
dispersion corrections between the substrate Au atoms were
turned off. To model bonded monolayers on substrates and
clean metal surfaces, periodic boundary conditions and the
repeated slab approach were employed representing the
substrate by five layers of Au. Periodic replicas of the slab
were decoupled by an at least 20 A wide vacuum gap and a self-
consistently determined dipole layer to account for the
electrostatic asymmetry.”> The bottom three Au layers were
kept fixed in the geometry optimizations to avoid spurious
relaxations at the bottom surface of the slab. As the observed
energy differences between SAMs bonded by S and Se atoms in
many cases are very small, it has been crucial to carefully
converge the k-point sampling, the basis set (avoiding artifacts
due to basis-set superposition errors), and other numerical
parameters with more details given in the Supporting
Information. In short, Au atoms were described using the
default FHI-aims “tight” settings, while for all the other atoms
the default tight settings were augmented by adding a further
basis function and tightening numerical settings (for more
details see the Supporting Information). 6 X 3 X 1,9 X 5 X 1,
and 4 X 4 X 1 Monkhorst—Pack k-point grids** were used for
the rectangular (4 X \/ 3), rectangular (3 X \/ 3), and oblique
(3 X 4/7) unit cell, respectively. The convergence criterion for
the total energy in the self-consistency cycle was set to 1076 eV,
and the optimizations were performed until the maximum
residual force component per atom was below 0.01 eV/A.
The primarily analyzed quantities derived from the
simulations are the bonding energies (bond-breaking energies)
between the docking atoms S or Se (X) and the Au surface or
the first C atom (Y), Ex_y. They are defined as the differences
in total energy between the isolated molecular fragments,
E ol fragment x—v) Plus the energy of the Au(111) surface (in some
cases containing adatoms and/or adsorbed S/Se atoms),
Eguix—y, and the energy of the adsorbed SAM on the Au
substrate (i.e., the undisturbed, bonded SAM), Eanibonded:

EX—Y = Emol—fragment,X—Y + (Esurf,X—Y - ESAM—bonded)/2

The factor of 1/2 accounts for the two molecules in the unit
cell (vide infra) such that average energies per molecule are
obtained. Esurf,X—Y and ESAM»bonded (Emol-fragment,X—Y) have been
obtained using periodic (open) boundary conditions. Note that
for calculating those energies, the geometries of all subsystems
were fully relaxed. To assess the impact of vibrational degrees
of freedom, we also calculated the vibrational eigenmodes of
the bonded layer and of the individual fragments after bond-
breaking for the unreconstructed rectangular (4 X /3) unit cell
employing finite displacements (for details see the Supporting
Information). These calculations allowed an assessment of the
impact of zero-point energies and the thermal occupation of

vibrational modes. As the vibrational energies had only a minor
impact on the overall energetics and in view of the massive
computational efforts associated with such calculations, we
considered vibrational effects only for a single adsorption
motifs, as discussed below.

lll. RESULTS

Thermal Stability Analysis by XPS. To monitor the
evolution of NC-NapS/Au and NC-NapSe/Au structure with
temperature, signals corresponding to Au, C, S, and Se were
monitored by XPS (Figures 2—4) at several different
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Figure 2. XPS data analysis. (a, b) Selected Au 4f spectra obtained at
different temperatures for the NC-NapS/Au and NC-NapSe/Au
SAM, respectively. (c) Au 4f signal intensities normalized to the room
temperature values as a function of the sample temperature measured
for NC-NapS/Au (blue points) and NC-NapSe/Au (red points). (d)
The normalized film thickness as a function of temperature (relative to
the value at room temperature) measured for NC-NapS/Au (blue
points) and NC-NapSe/Au (red points). The color-coded lines in (c)
and (d) are guides to the eye.

temperatures ranging from 297 K (24 °C, room temperature)
up to 623 K (350 °C). In Figures 2a and 2b selected Au 4f; 5
spectra obtained for NC-NapS/Au and NC-NapSe/Au at
temperatures of 297, 433, and 573 K are presented. The
temperature dependence of the integrated Au 4f;, 5, intensity
(normalized to the room temperature value) is shown in Figure
2c for the two SAMs. It reveals a substantial difference between
NC-NapS/Au and NC-NapSe/Au. Starting from 350 K (77
°C), a pronounced increase of the Au 4f;/,5/, signal for the
NC-NapSe/Au SAM is observed, and it becomes noticeably
higher than that for the NC-NapS/Au system. For the latter a
somewhat steeper increase of the signal is observed only above
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450 K (177 °C), but the overall signal remains lower than that
for NC-NapSe/Au. Above ca. 525 K (252 °C) the signal
saturates for both types of SAMs. Notably, for NC-NapSe/Au
the saturation level corresponds to ca. 1.35 of the room
temperature signal, while for the NapS/Au the ratio is only
1.2S.

The increase of the Au 4f; ), /, signal reflects a temperature-
induced reduction in the effective SAM thickness. Assuming the
standard exponential dependence of the Au 4f signal on the
thickness of the adsorbate layer due to attenuation, one can
determine relative changes in the effective film thickness as a
function of temperature using the equation

dy A [IAu(T)]

—=1——In
dTD dTO L(Tp)

(1)

Here, dy is the effective film thickness at elevated temperature
T, dr, is the equivalent quantity at room temperature, 4 is the

electron mean free path, I,,(T) is the Au 4f intensity at
temperature T, and I,,(T,) is the Au 4f intensity at room
temperature. Setting A to 3.15 nm (in accordance with ref 34)
and using for d, the values obtained in our previous HRXPS
studies'* on these SAMs (1.17 nm for NC-NapSe/Au and 1.05

nm for NC-NapS/Au), the corresponding Z—T(T) values were
0

Lp(T)
‘Aut ~0.
evolution is presented in Figure 2d. It reproduces the trend
inferred from the intensity ratios, indicating a more pronounced
decrease of the effective film thickness with temperature for the
Se-bonded SAM.

Selected C 1s spectra for the NC-NapS/Au and NC-NapSe/
Au are shown in Figures 3a and 3b, respectively, together with
the temperature-dependent evolution of the peak intensities in
Figure 3c. The spectra acquired at room temperature exhibit an
intense peak at a BE of 284.5 eV accompanied by a shoulder at
higher BE (286.0 eV). Following previous HRXPS study,'* the
intense peak is assigned to the naphthalene backbone, while the
high binding energy shoulder is associated with the nitrile
carbon. For both types of SAMs, the integrated C 1s intensity,
normalized to the value at room temperature, decreases with
increasing temperature, followed by a saturation around 525 K
(252 °C) (Figure 3c). This is the inverse of the behavior of the
Au 4f,), 5/, signal discussed previously. Above ca. 350 K (77
°C) the normalized C 1s intensity is consistently lower for the
NC-NapSe/Au layer compared to NC-NapS/Au, which is
inverse to the trend observed for the Au 4f;), 5/, signal.

Interestingly, a qualitatively different behavior is observed for
the S 2p;5,/, and Se 3p;,,,,, spectra presented in Figure 4.
The analysis of the integrated and normalized S 2p;,,,, signal
in Figure 4c shows a roughly constant value between room
temperature and ca. 450 K (177 °C), which is followed by a
drop below the detection limit of XPS for temperatures
exceeding 550 K (277 °C). In contrast, for the Se 3ps),,/,
signal, an increase by ca. 25% is observed up to a temperature
of ca. 400 K (127 °C), which is again followed by a sharp drop
at higher temperatures.

Thermal Stability Analysis by S-SIMS. SIMS is a useful,
complementary technique to study the thermal stability of
SAMs.>® Here, we recorded the emission intensities of
characteristic secondary ions associated with the SAMs as a
function of the (linearly increasing) sample temperature (a
heating rate of 3.75 K/min). Two types of secondary ions were

calculated from the measured ratios. The resulting
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Figure 3. XPS data analysis. (a, b) Selected C 1s spectra obtained at
different temperatures for NC-NapS/Au and NC-NapSe/Au,
respectively (all spectra have the same vertical scale). (c) C 1s signal
intensities normalized to the room temperature values as a function of
the sample temperature measured for NC-NapS/Au (blue points) and
NC-NapSe/Au (red points). The color-coded lines in (c) are guides to
the eye.
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Figure 4. XPS data analysis. (a, b) Selected S 2p and Se 3p spectra
obtained at different temperatures for NC-NapS/Au and NC-NapSe/
Au, respectively. (c) S 2p and Se 3p signal intensities normalized to the
room temperature values as a function of the sample temperature
measured for NC-NapS/Au (blue points) and NC-NapSe/ (red
points), respectively. The color-coded lines in (c) are guides to the
eye.
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analyzed, namely “organic” ions, such as M,Au~ (where M
denotes the complete NC-Nap$S or NC-NapSe molecules), and
“inorganic” ions, such as AuS(Se)~, AuS(Se),”, and Au,S(Se)™.
To ensure that the measured intensity changes analyzed in the
thermal SIMS experiments are not related to primary ion beam
damage during the data acquisition, separate reference
experiments monitoring the intensity of the analyzed signals
at room temperature for 110 scans were conducted (see Figure
S1 in the Supporting Information). These data show that
during the entire measurement time needed for the thermal
analysis (65 scans in Figure S and 95 scans in Figure 6) all
signals remain constant. From this behavior one can conclude
that all experiments were conducted in the static SIMS (S-
SIMS) mode.
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Figure S. S-SIMS data analysis. (a) shows M,Au~ secondary ion
intensities normalized to the room temperature values as a function of
the sample temperature measured for NC-NapS/Au (blue points) and
NC-NapSe/Au (red points). Solid lines in (a) show the spline
function fitted to the data points to enable the data processing. (b)
Derivatives of the experimental curves in a (calculated from the
aforementioned spline functions) for NC-NapS/Au (blue line) and
NC-NapSe/Au (red line). The desorption temperatures (Tp)
corresponding to the minima of the derivatives are indicated.

The signal for the “organic” MyAu~ secondary ion provide
information on changes in the coverage for a given SAM as a
function of the temperature ramping. In fact, metal—organic
secondary ions like M,Au™ are well-known “fingerprints” for
SAM formation and desorption analysis in SIMS.”~*' The
“inorganic” secondary ion group can be used to trace the
stability of the bonding between the headgroup atom and the
substrate.

Figure Sa shows changes in the emission intensity of the
M,Au” secondary ions as a function of temperature in the range
between room temperature and 570 K (297 °C). To enable a
direct comparison of both types of SAMs, the data presented in
Figure Sa are normalized to the values measured at room
temperature. For both types of SAMs, an approximately
constant signal intensity is observed up to a certain temper-
atures, which is followed by an intensity drop to zero at the
higher temperatures. The character of the signal decrease is,
however, substantially different between NC-NapS/Au and
NC-NapSe/Au. While for the Se-bonded SAM a single sharp
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Figure 6. S-SIMS data analysis. (a) AuS™ and AuSe~ secondary ion
intensities normalized to the room temperature values as a function of
the sample temperature measured for NC-NapS/Au (blue points) and
NC-NapSe/Au (red points) SAMs. (b) Equivalent data for the AuS,”
and AuSe,” secondary ions, and (c) displays them for the Au,S™ and
Au,Se” secondary ions.

drop is observed, which starts already below 400 K (127 °C),
the signal for the S-bonded SAM decreases in two steps, which
both occur at significantly higher temperatures. To determine
the temperatures characteristic of the observed drops of the
M,Au" signal, the first derivative of the normalized intensity as
a function of temperature was calculated (Figure Sb). This
derivative yields a single characteristic temperature of 397 K
(124 °C) for the NC-NapSe/Au, indicative of a single thermal
desorption process. In contrast, for the NC-NapS/Au, two
minima at 448 K (175 °C) and 529 K (256 °C) are obtained,
indicative of two successive desorption processes which set in at
significantly higher temperatures. We note here that such a two-
step desorption process is not visible in the temperature-
dependent XPS data (Figures 2 and 3) which are acquired with
a much slower procedure (27 min per each temperature step in
XPS in contrast to only 1 min in SIMS) and with much lower
resolution (16 points for the whole temperature range in XPS,
in contrast to 74 points in SIMS). Provided that the change in
the SIMS signal intensity is proportional to the surface
coverage, ©, of the NC-NapS/Au, the first desorption process
reduces the coverage by ca. 60%. Assuming first-order kinetics
of all observed processes, one can estimate the value of the
corresponding desorption energy Ep using the Redhead
formula:**

Ep = kTP|:ln(VT—TP) - 3.64]
p 2

where k is the Boltzmann constant, T} is the peak temperature
(i.e., the temperature where the change in the surface coverage
© is most pronounced and d®/dT becomes a minimum), vy is
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the frequency factor (which is usually approximated as ca. 10"
s71),715*%% and B = 3.75 K/min is the heating rate. For the
NC-NapSe/Au, Tp = 397 K yields a value of Ep, = 1.20 eV; for
the NC-NapS/Au the two characteristic temperatures of T} =
448 K (175 °C) and T} = 529 K (256 °C) correspond to E, =
1.35 eV and Ep = 1.61 eV, respectively.

The analysis of the “inorganic” signals corresponding to the
AuS(Se)”, AuS(Se),”, and Au,S(Se)” secondary ions is
presented in Figure 6. All three signals exhibit significant
differences for the NC-NapS/Au and NC-NapSe/Au. First, for
NC-NapS/Au an abrupt drop of the signals is observed above
ca. 500 K (227 °C) reaching zero above ca. 600 K (327 °C). In
contrast, for NC-NapSe/Au an increase of the signals is
observed in the region between ca. 400 K (127 °C) and 450 K
(177 °C), which is especially pronounced for the AuSe,” and
Au,Se” ions. Additionally, for NC-NapSe/Au a significant
intensity of all signals is observed even at 725 K (452 °C), i.e,,
at the upper temperature limit of our experiments.

Simulations. To further analyze the bonding between the
docking groups and the substrate, as well as bonding between
the docking groups and the molecular backbone, we calculated
the energies associated with the breaking of these bonds for a
variety of adsorbate configurations. These simulations follow
the approach wusually applied for computing stabilities of
adsorbate layers, namely comparing the energy differences
between SAMs adsorbed on the substrate and molecules
detached from the surface. What they do not take into account
are the details of the desorption process. Unfortunately, a
meaningful simulation of the dynamics of molecular desorption
for system as complex as the present ones is currently
intractable by computational techniques, which provide the
accuracy required for the present problem (see below). One of
the reasons for that is that thermally initiated desorption most
likely occurs from the rims of islands or from disordered
regions of the adsorbate layer. The simulation would require
the consideration of huge supercells. Therefore, we restrict the
following analysis to bond-breaking energies (for further details
see Experimental Section). In this context it is however,
worthwhile mentioning that calculations on phenyl thiolates
and selenolates at low coverage by Cometto et al.'” suggest that
energy differences and activation barriers are intimately related
for systems like the present one.

Notably, in the simulations considering a translational
periodicity of the substrate and the adsorbate, we need to
consider adsorbate unit cells that are also commensurate with
the periodicity of the unreconstructed Au(111) surface.
Moreover, even with state-of-the-art resources, simulations
like the present ones are limited to a few hundred atoms in the
unit cell. These aspects prevented us from directly adopting the
large (2\/ 3 X \/ 37) unit cell identified experimentally'* for the
NC-NapS/Au SAM or the (2 X 1.54/3) adsorbate unit cell
reported for the NC-Nap-Se/Au SAM, which is non-
commensurate with the Au substrate. Consequently, we
identify computationally affordable unit cells commensurate
with the periodicity of the unreconstructed Au(111) surface, in
which the SAMs display packing densities similar to the ones
obtained in the respective experiments. Therefore, in our
simulations we considered three different unit cells containing
two molecules arranged in a herringbone pattern, as identified
for the related anthraceneselenolates'®” on the Au(111)
substrate (see Figure 7). The first is the commensurate
rectangular (3 X 4/3) unit cell, which has the same area per
molecule (0.215 nm?) as the incommensurate rectangular (2 x

lr

Figure 7. Top and side views of exemplary unit cells of the NC-Nap$
and NC-NapSe adsorbates on Au(111) after geometry optimization.
All unit cells contain two molecules in herringbone arrangement, and
in the bottom two panels of each plot, the molecular backbones are
not displayed to more clearly show the relative positions of the gold
adatoms and the docking groups. (a) Rectangular (4 X 4/3) surface
unit cell with unreconstructed Au surface; (b) rectangular (4 X 1/3)
surface unit cell containing one gold adatom; (c) rectangular (3 X
\/ 3) surface unit cell containing two gold adatoms; (d) oblique (3 X

7) unit cell containing two adatoms. Au atoms are yellow and
adatoms red; docking atoms (S or Se) are orange, C atoms gray, H
atoms white, and N atoms blue.

1.5 \/ 3) unit cell observed'* in previous STM experiments on
the NC-NapSe/Au interface as the closest approximation to the
real structure (bearing in mind the finite experimental
resolution). The molecules in that unit cell are tightly packed
with the area per molecule slightly smaller than in some of the
reported naphthalene crystal structures.'* In spite of consid-
erable efforts, this very tight packing prevented convergence of
the self-consistent field cycles in the absence of reconstructions
of the Au(111) surface. Therefore, we also considered a larger
commensurate rectangular (4 X \/ 3) surface unit cell with an
area per molecule of 0.287 nm®. Notably, the (4 X \/ 3) surface
unit cell is also the one found for anthraceneselenolate SAMs
on Au(111)."" Finally, we also tested an even larger
commensurate oblique (3 X 1/7) cell with an area per
molecule of 0.323 nm? This served to evaluate the impact that
an increased molecular tilt angle, occurring at lower coverages,
has on binding energies. In passing, we note that the above
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Table 1. Bond-Breaking Energies (Es_c, Es._c) Eau_s) Eau_se) and Respective Differences (AEg/s._c, AEs,_g/s.) for All Studied
Systems Together with the Average Tilt Angles of Each Conformation and the Order of the Bonding Energies

rectangular (4 X \/ 3)

rectangular (3 X \/3) oblique (3 X \/7)

unit cell
recon none 1ad 2 ad 1ad 2 ad 2 ad

Esc (V)  3.003 3286 3252 3.144 3.044 3223
Eg.c (eV) 2696 2.888 2.883 2772 2725 2.880
AEgs, ¢ —0.307 -0.398 —0.369 —-0.372 —0.319 —0.343

(eV)
Eys (6V) 2544 2.892 3.104 2748 3214 3.358
Ense (€V) 2,625 2912 3.120 2.798 3.313 3413
AE,, g/se 0.081 0.020 0.016 0.050 0.099 0.055

(eV)
av tilt (deg) 47 38 38 14 19 57
order §—C > Se—C > Au— S—C > Au—Se > Au— S—C > Au—Se > Au— S—C > Au—Se > Se— Au—Se > Au—S > S— Au—Se > Au—S > S—

Se > Au—S S > Se—C S > Se—C

C > Au-S C > Se-C C > Se—C

areas per unit cell are reported for the experimental Au(111)
lattice constant of 0.286 nm while in the simulations the
equilibrium lattice constant for the employed methodology has
been used (0.294 nm) in order to avoid spurious relaxations of
the surface atoms during the geometry optimizations.

In addition to varying the size of the unit cells, we also
considered several adatom motifs discussed in the literature.”*®
This is insofar relevant in the present context, as
reconstructions of the Au(111) surface are expected to modify
the bonding between the docking atom (S or Se) and the
substrate, which in turn also changes the bonding between
S(Se) and the adjacent C atom.'”'”"® Moreover, the existence
and nature of surface reconstructions have been intensively
(and sometimes controversially) discussed for short-chained
thiolates. Still, very little is known regarding comparably large
conjugated backbones like the anthracenes considered here.
Thus, the comparison between the calculated and measured
trends discussed in the following will also provide valuable
insight into the nature of surface reconstructions in such
systems. In particular, we considered the following:

(i) A flat unreconstructed Au(111) surface (see Figure 7a;
calculated only for the rectangular (4 X 4/3) surface unit cell
due to the above-described convergence problems): There we
find the molecules bonded to the substrate with the S/Se atoms
in the fcc-hollow sites shifted toward the bridge.

(ii) A reconstructed surface with one adatom per unit cell
located on a bridge site as suggested in ref 6 (see Figure 7b;
calculated for the rectangular (3 X \/ 3) and (4 X \/ 3) unit
cells): There the docking atoms coordinate with the adatom
and with an atom of the regular surface, which shifts them to a
position between fcc-hollow and on-top.

(iii) A reconstructed surface with two adatoms per unit
cell®*® (see Figure 7c,d; calculated for the rectangular (3 X
1/3), the rectangular (4 X /3), and the oblique (3 X 1/7)
surface unit cells): For the rectangular (3 X \/ 3) and oblique
(3 x \/ 7) unit cells, each docking atom is coordinated with two
adatoms, the S and Se atoms are lifted from the surface, and
docking atoms and adatoms form an alternating chain on the
surface. Conversely, for the optimized structure in the
rectangular (4 X \/ 3) unit cell the second adatom appears
not to interact very strongly with the adjacent docking atom
(see Supporting Information).

The relative stabilities of the adatom structures are discussed
in detail in the Supporting Information where also structures of
all calculated systems are shown.

28037

The bond-breaking energies calculated for all considered
systems are summarized in Table 1 with the energy differences
between S and Se docking atoms plotted in bold. In all studied
configurations, AEgs._c is negative; ie. the bonding energy
between S and C is always higher than between Se and C,
independent of the considered unit cell or adatom structure.
Conversely, AE,, g/s. is always positive, indicating that the
binding energy between Se and Au is consistently larger than
between S and Au (albeit differences here are comparably
small). These observed opposing trends for bonding between
the docking atom and the substrate and the backbone support
the notion that strengthening one of the bonds weakens the
Other'l4,l7,18

Interestingly, the relative strength of the bonds between the
docking atom and either the metal substrate or the nearest C
atom strongly depends on the number of adatoms per unit cell.
For an unreconstructed surface, the bonds of both S and Se to
C (i, to the molecular backbone) are stronger than those to
Au. Adding adatoms, however, reinforces the bonds between
the docking atoms and the substrate. For only one adatom per
unit cell, this results in nearly identical bonding energies for the
Se—C and Au—S bonds. With two adatoms per unit cell the
bonding strength to the substrate increases further and for the
rectangular (3 X /3) and oblique (3 X /7) unit cells, the
Au—Se becomes the strongest of the considered bonds.
Concomitantly, the Se—C bond becomes the weakest (notably,
for all analyzed cells with two adatoms). The particularly large
bonding energies to the substrate for two adatoms in the
rectangular (3 X \/ 3) and oblique (3 X \/ 7) unit cells can be
tentatively attributed to the formation an alternating chain of
adatoms and docking atoms lifted from the surface (see
structures in Figure 7). For such a situation one obtains a
bonding energy order of E,_g. > En,_g > Es_¢ > Eg._c. This
order prevails independent of the molecular tilt angle, which in
our calculations varies from 19° (in the rectangular (3 X \/ 3)
structure) to 57° (in the oblique (3 X \/ 7) structure).

The biggest impact of the vibrational contributions to bond-
breaking energies is expected for the Au—S/Se bonds, as then
the masses of the leaving fragments differ considerably;
moreover, even when the SAM is still intact, a vibration
involving the Au—S(Se) bond is expected to most strongly
depend on the docking atom considering the significant
differences in the oscillating masses. Thus, we only tested the
impact of vibrational energies on breaking the bond between
the two docking atoms (S or Se) and the (unreconstructed) Au
surface. Here we found only a small increase in the bonding
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asymmetry between S—Au and Se—Au from 0.085 eV (when
disregarding vibrations) to 0.098 eV (when including the zero-
point energy) and to 0.120 eV (when considering the thermal
occupation of vibrational modes at room temperature). A more
detailed discussion of vibrational contributions can be found in
the Supporting Information.

As another possible scenario, we tested the desorption of
molecules as dithiols, as this has been discussed in several
publications on aliphatic thiolates.””*’ ™" A comprehensive
study of all possible leaving fragments goes beyond the scope of
the present article, but it should be mentioned that the binding
energy of a dithiol (ie., the energy difference of the dithiol
minus 2 times the energy of the individual radicals) is 0.080 eV
larger than that of the diselenols (2.239 eV for dithiols and
2.160 for diselenols). This would make it energetically less
costly to break Au—S bonds compared to Au—Se bonds
provided that dimer desorption is a favorable process also for
the present systems.

A final “word of warning” concerns the impact of disorder:
As mentioned earlier, desorption is not to be expected from
perfectly packed films, but from rims of islands and disordered
portions of the films; thus, calculating surfaces with perfect
lateral periodicity can only approximate the real situation. Still,
it is interesting to see that aspects like molecular tilt (potentially
varying significantly in disordered areas) have only a
comparably minor impact on bonding strengths. In contrast,
the actual structure of the substrate (i, the presence of
adatoms) and, thus, the local bonding partners of the docking
atoms are crucial for the interface energetics.

IV. DISCUSSION

The key conclusion that can be drawn from the above
experiments is that the Se-bonded SAMs are thermally less
stable than their thiolate counterparts. This can, for example, be
inferred from the faster decrease of the nominal film thickness
with heating that is observed in the XPS experiments on Se-
bonded films. It is also consistent with the larger film thickness
at saturation range above 525 K (252 °C) observed for S-
bonded SAMs (Figure 2): The saturation of the signals at high
temperatures is consistent with previous observations on
biphenylthiol-based SAMs>"*> and can be attributed to the
binding of the carbonaceous fragments to defects and steps on
the gold substrate.’® The saturation level is primarily
determined by the amount of material still present on the
surface. Therefore, the higher saturation levels for the S-bonded
SAM is another aspect testifying to its increased thermal
stability.

A more quantitative picture is obtained from the S-SIMS
experiments (employing a much faster annealing procedure
than for XPS). The temperature evolution of the M,Au" signal
not only confirms the higher thermal stability of the thiol-
bonded monolayer but also allows extracting activation
energies. For the NC-NapSe/Au desorption takes place in a
single step with an estimated activation energy of E, = 1.20 eV.
In contrast, for the NC-NapS/Au desorption occurs in two
steps. The first and major step (~60% reduction in coverage)
corresponds to an activation energy of Ep = 1.35 eV, which is
noticeably higher than the activation energy for selenolate
desorption. Like the single desorption step for the NC-NapSe/
Au, it is attributed to desorption of molecules from the initial
high density structures of both SAMs, i.e., presumably from the
rims of islands of upright-standing molecules. The second step
for the NC-NapS/Au at E, = 1.61 eV corresponds to

desorption from a low density (~40% of initial coverage)
structure. It is tentatively associated with an adsorbate film
consisting of strongly tilted molecules,”* with the backbones
interacting with the surface by van der Waals interactions (in
addition to the headgroup—substrate bond).””*° This leads to
an overall increase of the binding energy per molecule.

The observation of a more strongly bonded phase at low
coverages in NC-NapS/Au is insofar important, as it strongly
supports our statement in the Introduction that for under-
standing the fundamental reasons for the thermal stability of
molecule—metal interface one has to compare desorption from
equivalent (typically high density) phases with similar
structures. As this is the case for NC-NapS/Au and NC-
NapSe/Au, with microscopically and spectroscopically well-
characterized structure,'* this justifies an estimation of the
difference in desorption energies between NC-NapS/Au and
NC-NapSe/Au. It amounts to AEp = 0.15 eV. Notably, even
for well-defined samples like the present ones, this value is
associated with a non-negligible error bar, as choosing a
frequency factor of 10'® s Hz (as it has been done in refs 35
and 43), in contrast to the 10" s™' Hz used above (to be
consistent with refs 9, 15, and 57), increases that difference to
AE, = 020 eV.

The obtained value of AE, = 0.15 €V is very close to the
desorption-energy difference of AE, = 0.12 eV, which has been
derived from thermal desorption spectroscopy (TDS) data for
phenylthiol (BS) and phenylselenol (BSe) SAMs on Au
employing the Redhead formula with the same frequency
factor of 10" s™! as used here.” Interestingly, in those systems,
a two-step desorption has been observed for both docking
groups, and consistent with what has been stated above, the
quoted value corresponds to desorption from the high-density
phase. In contrast, recent ex situ studies in nitrogen atmosphere
of the BS/Au and BSe/Au surface coverage changes as a
function of thermal annealing'® yielded, for high density phases,
a much smaller difference in desorption energies of only 0.03
eV.

What still needs to be clarified is the reason for the reduced
thermal stability of the Se-docked SAMs in spite of the typically
observed stronger bonding of that group to the metal surface
(refs 14, 16—18, 20, 22, and 23; Table 1). This question can be
addressed on the basis of the S 2p/Se 2p XPS spectra and the
AuSe(S),” and Au,Se(S)” S-SIMS data, where the S-SIMS
experiments benefit from a much higher signal-to-noise ratio.
Moreover, XPS and S-SIMS provide complementary informa-
tion. The XPS signal intensities are determined by two
competing trends: On the one hand, the S/Se signal drops
due to the desorption of the S and Se atoms from the surface
(potentially with attached molecular backbones). This process
dominates, when the Se/S—Au bonds are broken. On the other
hand, an increase of the S 2p/Se 2p XPS signals is possible,
when the Se/S—C bond breaks and the docking atoms remain
on the substrate, as then the attenuation of the photoelectron
signal is reduced due to a decreased effective thickness of the
hydrocarbon film. Following these arguments, the initial
increase of the Se 3p signal for the NC-NapSe/Au sample in
the temperature range between 350 and 450 K (Figure 4c) is a
clear indication for an efficient scission of the bond between Se
and the adjacent C atom of the molecular backbone.
Conversely, the S 2p signal remains constant in the given
temperature range. As the C 1s signal drops upon heating the
sample (to about S0% at 450 K, Figure 3c), this indicates that
also for the NC-NapS/Au system the S—C scission occurs
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accompanied by a breaking of the S—Au bond. We note at this
point that efficient breaking of the S—C bond during thermal
annealing of thiols has been reported earlier for both aromatic
and aliphatic SAMs formed on different metal substrates such
as Ay, % Cu,>® and Ni.°° The data obtained here for NC-
NapS/Au and NC-NapSe/Au systems show that temperature-
induced Se—C bond scission is more effective than the S—C
bond breaking.

S-SIMS provides information on the desorbing ions without
being affected by signal attenuation effects. Still, the AuSe~,
AuSe,”, and Au,Se” signals increase significantly at temperature
above 400 K, i.e., at a temperature corresponding to the onset
of the desorption process for the NC-NapSe/Au (see Figure S).
This indicates a much higher efficiency of Se—C bond scission
than for the Au—Se bond at an elevated temperature. In
contrast, the AuS™, AuS,, and Au,S™ signals remain constant,
supporting the assumption of a much more balanced efficiency
for S—C and Au—S bond breaking.

The above conclusions are in agreement with the results of a
recent study on the same SAMs as investigated here, probing
the relative stability of S—C and Se—C bonds by ion-induced
desorption.'* There, as an explanation for the comparably weak
bonding between the Se and the C atoms, it has been suggested
that a higher involvement of the headgroup atom in the
chemical bonding with the Au(111) substrate reduces its
involvement in the chemical bonding to the molecular
backbone.'* Ton-desorption experiments for a homologues
series of biphenyl substituted aliphatic SAMs (Au(Ag)—S(Se)—
(CH,),—C¢H,—C4H,—CH,, n = 2—6) have, in fact, suggested
that this effect is rather general and leads to an oscillation in
stability of consecutive chemical bonds in molecular
adsorbates.'”"®

Overall, the current thermal stability experiments in
conjunction with former SIMS'*'”'® and exchange™ experi-
ments imply the following sequence of bonds stabilities: Au—Se
> Au—S > C—S > C—Se. Notably, especially the S-SIMS data
provide further insight into the interface properties. They, for
example, hint toward a possible existence of adatoms: The
observed increase of the signal of the “inorganic” ions is much
more pronounced for AuSe,” and Au,Se” secondary ions
compared to AuSe”, which indicates that AuSe,” and Au,Se”
signals more directly follow the changes in Se concentration on
Au surface. Assuming that Au and Se atoms in these secondary
ions reflect the original bonding geometry at the molecule—
metal interface, this observation would be consistent with the
adsorption model involving adatoms,”**™*° in which the
headgroup atom forms chemical bonds with two Au adatoms
(forming Au,Se”) and the Au adatom binding with two
headgroup atoms (forming AuSe,").

Information on the fate of the docking atom can be gained
from the S-SIMS data at higher temperatures: For the AuS~,
AuS,”, and Au,S” signals a sharp drop is observed down to the
zero level at 600 K (327 °C), where also the signal from the
molecules traced by the M,Au’ emission has vanished
completely. This suggests a complete removal of the S atoms
from the surface. The drop in the AuSe”, AuSe,”, and Au,Se”
signals is more gradual, and even at the highest tested
temperature (725 K) the associated signal does not reach the
zero level. This hints toward a particularly strong bonding of
the Se atoms to the Au substrate preventing their complete
desorption, which is fully consistent with literature reports on
the formation of Au—Se alloys at temperatures above 613 K.°!

Comparing the experimentally determined data to the results
of the calculations, several interesting observations can be
made: (i) Consistent with the current thermal experiments and
former bonding stability analysis,"”'”'® the Se—C bond is
weaker than the S—C bond for all considered unit cells and
surface reconstructions. In line with the arguments from refs 14,
17, and 18 that strengthening the bond between the docking
atom and one partner weakens the bond to the other partner,
this results in the Se—Au bond being stronger than the S—Au
one. (ii) Whether or not the links to C or to the Au atoms are
the weakest elements of the SAM depends on the presence of
adatoms. These strengthen the bonds to the (reconstructed)
Au surface and, consequently, weaken the bonds to the C
backbone. As a result, the Se—C bond represents the weakest
link also in the simulations, but only when adatoms are
considered (typically for two adatoms per unit cell, but in the
case of a rectangular (4 X \/ 3) unit cell also for one). Finally,
and most importantly, the sequence of bonds stability which
has been deduced from the experiments, i.e., Au—Se > Au—S§ >
C—S > C—Se, is observed exclusively for rectangular (3 X \/ 3)
and oblique (3 X \/ 7) unit cells containing two adatoms. Note
that the latter unit cell is contained here only for comparative
reasons to show that the adatoms rather than details of the
molecular arrangement determine the order in bond strength.
Its comparably large molecular footprint (0.323 nm?) is not
compatible with experimental values for the NC-NapSe/Au
(0.215 nm?) and NC-NapS/Au (0.239 nm?). This suggests the
rectangular (3 X \/ 3) unit cell with two adatoms per unit cell
as the most likely scenario (at least among the ones considered
here), which is also supported by the observation that for that
unit cell we calculate the highest SAM-formation energy per
surface area (see Table S4 in the Supporting Information).

Finally, we note that the experimentally obtained difference
in desorption energies for NC-NapS/Au and NC-NapSe/Au
(0.15 eV) is smaller than the difference in the S—C and Se—C
bond stability (0.32 eV) calculated for the rectangular (3 X

3) unit cell with two adatoms. Besides the uncertainty of the
experimental value linked to the choice of the frequency factor
(see above), a possible explanation for that is that in the
calculations we consider the breaking up of the continuous
SAM into individual molecules and a substrate still containing
the surface reconstructions, while the actual thermal desorption
of molecules happens from the rim of molecular islands with
modified molecule—molecule and molecule—substrate inter-
actions. This is also almost certainly the reason for very large
absolute values of the calculated bond-breaking energies.
Moreover, as described in the Results section, also the nature
of the actually leaving species does have some impact on the
exact energetics of the process. Independent of these
complications, the simulations clearly support the qualitative
picture that arises from the thermal stability experiments.

V. SUMMARY AND CONCLUSIONS

Two independent sets of experiments based on the XPS and S-
SIMS techniques were performed for probing the influence of
the bonding group (S or Se) on the thermal stability of
prototypical aromatic SAMs on the Au(111) substrate. Both
types of experiments unequivocally demonstrated a higher
thermal stability of thiolate-bonded SAMs with the quantitative
analysis by SIMS showing ca. 0.15 eV higher desorption energy
for that system.

This is insofar surprising, as most experiments suggest a
lower stability of the S—Au compared to the Se—Au bond. The
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apparent contradiction is resolved by showing that not Se—Au
but Se—C is the actual weak link in the studied SAMs, i.e., that
the lower thermal stability of the selenolate-bonded layers is a
consequence of a preferential scission of the bond between the
docking group and the backbone. The experimental studies are
augmented by state-of-the-art DFT simulations which confirm
the main trends seen experimentally. Interestingly, to fully
reproduce the order of the bond strengths suggested by the
experiments (Au—Se > Au—S > C—S > C—Se), it is necessary
to include two adatoms per surface unit cell in the simulations.
This hints toward the prevalence of such reconstructions not
only in S-bonded but also in Se-bonded monolayers. The
obtained order in the bond strengths supports the notion that a
higher involvement of the bonding atom in the chemical linking
to the substrate weakens its bond to the molecular backbone.
From a design point of view, the present results show that for
obtaining SAMs with higher thermal stability, one cannot
simply follow the strategy of selecting a docking group with a
particularly high bonding strength to the substrate but needs to
finely balance the strength of the bonding between docking
group and the substrate and between docking group and
molecular backbone.
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